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ABSTRACT 


The altered contractile function of small blood vessels in the 
hypertensive state is not understood. Genetically determined 
spontaneous hypertension in rats is a well-studied model of human 
hypertension. Alterations in the control of intracellular calcium 
ion may account for altered contractile functions in arteries from 
these rats. The techniques developed to study control of intra- 
cellular calcium by isolated cell organelles along with other bio- 
chemical changes in organelle functions are discussed. 

Fractions enriched in plasma membrane (PM), endoplasmic reticulum 
(ER) ,or mitochondria (MIT) were isolated from mesenteric arteries, 
aortae and myocardium of spontaneously pecans rats (SHR) and 
from two strains of normotensive Wistar controls (NWR). Differential 
centrifugation and discontinuous sucrose gradients were used. 

In all tissues, PM fractions had higher activities than did other 
fractions of enzymes (5“-nucleotidase, Mowe SaUraces Ouabain-sensitive 
K'-phosphatase, alkaline phosphatase, phosphodiestrase I, etc.) 
believed to be markers for sarcolemma; however the extent of enrich- 
ment in markers varied and was least in aortae. 

Calcium uptake and enzymatic activities of PM, SR and MIT fractions 
from ventricles of SHR and NWR rats were similar. Ouabain-sensitive 
Reephoe phatase activity was cee in the PM fraction from SHR animals. 
Calcium uptake in the presence of ATP by the PM fraction from SHR 
aortae was significantly lower than that from NWR, while the specific 
activities of 5°-nucleotidase and phosphodiesterase I were greater in 
the hypertensive than in normotensive fractions. | 
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The specific activities of PM marker enzymes were significantly 
greater in the PM fraction from mesenteric arteries of SHR than in 
those from NWR. Activities of alkaline oy a and Me ATPase 
were increased in all fractions of arteries from SHR as compared to 
those from NWR. The maximum calcium uptake in the presence of 5 mM 
ATP and 17 uM free calcium by the PM fraction from SHR arteries was 
significantly greater than that from NWR. In contrast, the maximum 
ATP-independent calcium uptake in the presence of 1 mM free calcium 
by the PM fraction from SHR arteries was significantly lower than that 
from NWR. Calcium uptake by membranes from NWR and SHR arteries also 
differed in their sensitivities to ionophores and mee ie cations 
(Sree Baus Mn! ). 

In PM and ER fractions from mesenteric arteries of young (33 days), 
pre-hypertensive SHR or of early hypertensive (3-4 months) rats, enzyme 
activities were generally similar to those of similar fractions of 
NWR. When hypertension was fully developed (5-6 months), most of 
these values had declined in NWR but not in SHR. Alkaline phosphatase 
activities of PM fractions from arteries of SHR were elevated at 33 
days compared to values from age-matched NWR and the differential 
increased with age and increasing hypertension. Calcium uptake by 
fractions from these arteries did not change with age in NWR and was 
higher in SHR only at 5-6 months. 

The following conclusions were drawn: 


a) Biochemical changes in arteries are associated with hypertension. 
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b) 


c) 


Only increased alkaline phosphatase activity had a pattern of 
change which might be related to the pathological process that 
initiated hypertension. Other changes may have been secondary 
to hypertension or related to change in pathology which occurs 
with persisting hypertension, 

The total pattern of change is not explicable as a result of 
changes resulting from increased wall thickness of arhenies’ 
The differences between aortae and mesenteric arteries in the 
changes associated with hypertension show that the aorta may 


not be an appropriate model for small arteries. 
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CHAPTER I: GENERAL INTRODUCTION 


A) Animal Model Chosen in this Study 


Essential hypertension is the commonest and most important 
entity of the hypertensive diseases, it comprises roughly 90% of 
hypertension in human beings. Estimates made by the National Health 
Survey in 1962 indicate that about 26 million persons in the United 
States have hypertension or hypertensive heart disease. When hyperten- 
sion is defined in terms of blood pressure readings of 150/100 mm Hg or 
greater, 20 percent of men and women aged 45 to 54 years are found to 
be afflicted (Gordon and Hevines 1966) Various kinds of animal models 
have been used to study the pathogenesis of essential hypertension and to 
establish measures for its prevention. 

Okamoto and Aoki (1963) developed a colony of rats that exhibit 
hypertension spontaneously without exception. These animals were called 
Spontaneously Hypertensive Rats (hereafter abbreviated as SHR). The 
hypertension exhibited by SHR appears to be analogous to essential hyper- 
tension in humans. This strain of rats is considered to be the most appro- 
priate animal model available for essential hypertension in man. The 
aim of the present investigation was to determine whether or not any of the 
biochemical alterations are present in the cardiovascular system of SHR. 
Interests were focused on calcium uptake and certain enzymatic activities 
in vascular smooth muscle at the subcellular level. Altered regulation 
of calcium metabolism is a plausible cause of vascular smooth muscle super- 
sensitivity while alterations in certain enzymes may reflect cellular 


changes associated with the initiation of, or the responses to, hypertension. 
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B) Etiology of Human Essential Hypertension and Comparison to 
Hypertension in SHR 


Mean arterial pressure is determined by cardiac ee and 
peripheral resistance. An increased pressure may be pedeeed by increases 
of one, or both, of these factors. These possibilities, as they relate 
to arterial pressure changes in essential hypertension, will be briefly 
outlines: 

(i) Cardiac output 

It has been suggested that an increased cardiac output might 
play an important part in the initiation of essential hypertension. 
Thus, Wezler and Béger (1939), and Varnauskas (1955) observed an increased 
cardiac output in combination with a largely normal peripheral resistance 
in hypertensive subjects. These findings have been further confirmed and 
suggested to be present in the early phase of the disease (e.g. Lund-Johansen;, 
1967; Frohlich et al., 1970, Julius and Schork, 1971). On the other 
hand, there is no evidence of an increased cardiac output in the established 
phase of hypertension (Freis, 1960; Pickering, 1968). Similar conclusion 
of SHR has been reported (Pfeffer and Frohlich, 1973). Furthermore, 
patients with increased cardiac output caused by a number of disorders do 
not develop hypertension (Page, 1974). Most subjects in the established 
phase of hypertension have an increased peripheral resistance and normal 
or decreased cardiac output. 

(ii) Peripheral resistance 
According to Poiseulle's law the ratio of pressure drop to 


flow is a function of all the forces that retard blood flow - the 
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viscosity of blood and the length and radius of the vessels. This ratio 
has been adopted as an expression of vascular resistance, by analogy 
with Ohm's law for electrical circuits. The resistance is proportional to 
the length of the resistance vessels and to blood viscosity, and inversely 
proportional to the fourth power of the internal radius of the vessel. 
Therefore, changes in the internal radius have a far greater influence on 
resistance to flow than changes in either viscosity or vascular length. 
No studies have suggested that an increase in length of the vessel affecting 
systemic resistance or a raised blood viscosity play an important role for 
the increase in resistance in essential hypertension (Pickering, 1968). 
Therefore, most investigators have been concerned with decreases of the 
internal radius of resistance vessels. Several possible mechanisms that 
may enhance vascular constriction and lead to decreased radius of blood 
vessels have been probed 
(a) Enhanced neural activity 

There is normally a tonic discharge of the sympathetic nerves 
to the small vessels maintaining them in a state of partial constirc- 
tion. The activity of these vasoconstrictor nerves is co-ordinated 
mainly in the vasomotor center (V.M.C.). Various regions of this V.M.C. 
affect the vasoconstrictor tone and hence the arterial pressure change 
in the activity of vasoconstrictor nerves. It is thought that the sym- 
pathetic vasodilator nerves play only a minor role in the regulation of 
arterial pressure, except during exercise. 

Studies on essential hypertension with human and animal models 


have led to the view that the sympathetic nervous system plays an 
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important role in the maintenance of a certain level of blood pressure 

in hypertensive subjects as well as in normotensive individuals 

(Pickering, 1968). This has been supported by the results of immunologi- 
cal sympathectomy (Dorr and Brody, 1966; Smirk, 1970), administration of 
sympatholytic drugs (Okamoto et al., 1966) or ganglion blocking agents 
(Okamoto et al., 1966; Okamoto, 1969; Smirk, 1970). These and related 
findings have led to suggestions of enhanced sympathetic activity in hyper- 
tension. However, some discrepancies with this hypothesis were also noted. 
For example, a decrease in catecholamine turnover in peripheral tissue was 
found (Louis et al., 1970; Nakamura et al., 1971; Yamori et al., 1972; 
Sjoerdsma, 1972); as was a decreased tyrosine hydroxylase activity in the 
vascular system of hypertensive subjects as compared to that of normoten- 
sive ones (Traver et al., 1971). No unequivocal agreement has been reached 
as to whether sympathetic nervous activity is increased in hypertension. 

On the other hand, an increased threshold level BF blood pres- 
sure for baro-receptor nerve activity to decrease the sympathetic activity 
in hypertensive animals was noted as compared to that of normotensive ones 
(Kezdi and Wennemark, 1958; Nosaka and Wang, 1972). Since the cardiac 
output is normal in hypertension, the resetting of baro-receptors is consi- 
dered the secondary effect of Rone ueheeamiNceer a and Wang, 1972).. An 
explanation for such a resetting may be that the baro-receptor nerve endings 
of SHR become protected against excessive stimulation during hypertension 
by structural changes in arteries where these receptors are located. 

Since the intimal and medial layers of carotid arteries and the aortic arch of 


SHR are hypertrophied, the transmission of the pressure signal through the 
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medial smooth muscle is dampened to a larger extent in SHR (Wellens et al., 
1975). 

| In summary, the sympathetic nervous system plays a role in the 
maintenance of a certain level of blood pressure, both in normotensive and 
hypertensive animals, but there is little evidence that a functional change 
in this system is the cause of sustained essential hypertension. 

(b) Increased humoral vasoconstrictor or decreased vasodilatory agents 
Increased amounts of circulating substances which may directly 

or indirectly cause hypertension have been found in some forms of hyperten- 
Sive disease, e.g. noradrenaline in phaeochromocytoma, adrenal corticoids 
in Cushing's syndrome and Conn's disease, and renin-angiotension in renal 
and malignant hypertension. On patients with uncomplicated essential 
(primary) hypertension, however, increased amount of circulating pressor 
substances have not been convincingly demonstrated. Currently, no convin- 
cing evidence indicates that humoral agents such as angiotensin, brady- 
kinin, prostaglandins or unknown substances from kidney or other organs 
are involved in the mechanisms of essential hypertension. The role of 
adrenal medulla in the mechanisms of hypertension also has been evaluated. 
Both increased (Ozaki et al., 1972; Nagatsu et al., 1972) and decreased 
(Slotkin and Green, 1975) levels of synthesis of catecholamine from SHR as 


compared to that of normotensive rats have*been reported. 


In summary, there is no convincing evidence for an increased 


vasoconstrictor substance in either human essential hypertension or in 


genetic hypertension in rats. 
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(c) Increased vascular reactivity 


The following terms are used differently by various authors 
and in order to avoid confusion, the most accepted definitions are stated 
below: It is defined that the terms "supersensitive" and sometimes 
"hypersensitive" are used to described a tissue (e.g. smooth muscle) in 
which the amount of a substance required to produce a very small or minimal 
biological response is less than that of a normal or "control" tissue. The 
portion of the dose-response curve near threshold doses of a supersensitive 
tissue lies to the left of that for the "control". The terms "hyper- 
reactivity", "hyperresponse" and "increased reactivity" refer to a greater 
response to a given dose by some tissue relative to a control. The response 
may be any parameter measured. These terms include supersensitive tissues 
but also describe tissues with increased maximal contractile response or 
pressure or blood flow response. These terms also describe the case of an 
increased steepness of the dose response curve without a change in threshold 
dose. 

(i) In Vivo 

A variety of experimental techniques have been used to demon- 
strate an increased reactivity of blood vessels to contractile stimulants 
of patients with essential hypertension. Kaplan and Silah (1964) found 
that patients with essential hypertension required half as much angiotensin 
to produce a given rise in blood pressure as did normotensive individuals. 
Doyle et al. (1959) studied the response of the forearm circulation to 
norepinephrine, angiotensin and 5-hydroxytryptamine infused into the 
brachial artery. They found that at the same doses hypertensive patients 


responded to norepinephrine and 5-hydroxytryptamine with a greater vaso- 
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constriction than did normotensive patients. An in vivo study by Okamoto 
et al. (1966) reported a greater vascular responsiveness to norepinephrine 
in SHR. 
(ii) Perfusion study 

Haeusler and Haefely (1970) found an increased responsiveness 
(both threshold and maximal responses) of SHR perfused mesenteric arteries 
to agonists (noradrenaline and KCl). However, the increased vascular reac- 
tivity of hypertension by the techniques of in vivo or in vitro perfused 
blood vessels may result from two possible mechanisms: (a) It may be due 
to some structural alteration of blood vessels resulting in a vascular 
reactivity change; (b) It may be due to changes in sensitivity of the 
vascular smooth muscle cells. 

From perfusion studies with several vascular beds, Folkow 
(1971) and Folkow et al. (1970) have concluded that there is no change in 
sensitivity of vascular smooth muscle in SHR and that a structural change 
(increased wall thickness to lumen size ratio) is responsible for the 
increase in total peripheral resistance. The basis of their argument is 
that concentration-response curves of vascular resistance to norepinephrine 
for hypertensive animals differed from those for normotensive animals in 
the same way as did the calculated eontventratdion=responge curves of a math- 
ematical model in which it was assumed that medial thickness had increased 
by 30% and the increase in wall thickness had encroached on the lumen when 
the smooth muscle was completely relaxed. If so, responses to all con- 
strictor agents should be equally enhanced in hypertensive blood vessels. 


In contrast, Lais and Brody (1975) found that the threshold dose for 
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norepinephrine was lower in perfused hindquarters of SHR. The failure 

of Folkow to obtain an increased sensitivity to norepinephrine may be due to 
his use of an artificial medium for perfusion or to his use of papaverine 
treatment. Other investigators (Haeusler and Finch, 1972; Hinke, 1966; 
McGregor and Smirk, 1970; McQueen, 1956), using perfused preparations from 
SHR and deoxycorticosterone acetate (DOCA) hypertensive rats, have found 
increased vascular reactivity to various stimulating agents. McGregor and 
Smirk (1970) noted that the vasoconstrictor responses to norepinephrine, 
angiotensin, and 5-hydroxytryptamine in arteries from genetic hypertensive 
rats exceeded those observed in arteries from controls. One of the tech- 
niques they used to obtain their results was the measurement of perfusion 
pressures in isolated perfused mesenteric arteries. However, they found 

a greater increase in sensitivity to 5-hydroxytryptamine than to norepine- 
phrine in this isolated preparation from normal and hypertensive rats. 
McGregor and Smirk concluded that the enhanced response of the diseased 
arteries was due to an increased sensitivity of the smooth muscle cells 
rather than to a structural difference between the normal and hypertensive 
arteries, Similar results were reported by Haeusler and Finch (1972). 

It is important to emphasize that an increase in vascular reac- 
tivity indicated by a greater pressor response of a perfused vascular bed 
does not, in itself, permit a differentiation between increased wall thick- 
ness and increased sensitivity of vascular smooth muscle. However, the 
contractile responses of helical strips of the blood vessel wall can be 


interpreted more directly in terms of sensitivity of vascular smooth muscle. 
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(iii) Vascular Strips 


In many studies, the maximal contractile responses of strips 
of aortic or femoral arteries from hypertensive animals have been found 
unchanged or decreased in response to vasostimuli (Spector et al., 1969; 
Hallback et al., 1971; Massingham and Shevde, 1971; Shibata et al., 1973; 
Field et al., 1972), but a lower threshold to norepinephrine and potassium 
chloride (Holloway and Bohr, 1973; Field et al., 1972) has also been found 
in some but not all studies. Differences can be attributed to a number 
of factors: type and duration of hypertension, species, age, tissue 
studied, and differences in experimental technique. A few points should 
be noted: (1) The studies of aortic and femoral strips do not necessarily 
reflect the functional characteristics of smooth muscle of the resistance 
vessels which is the vascular section of interest. (2) It is not known 
whether the threshold response, the slope of the dose-effect curve, or the 
maximal response to stimuli is closely related to the determinant of hemo- 
dynamic response. (3) However, it is clear that reactivity of both large 
and small vessels is changed and that supersensitivity to at least some 
agents is seen in both, 

According to the analysis of Johansson (1974) on the possible 
mechanisms involved in an altered reactivity in hypertension, the mobility 
of calcium and the delivery of ATP to the contractile machinery are the 
most susceptible steps. An attractive question that is worthy of testing 


is: are these steps altered in hypertensive disease? 
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C) Changes in Cellular or Subcellular Metabolism in Vascular Smooth 


Muscle of Hypertensive Animals 

Changes of certain parameters in cellular or subcellular levels 
have been found in hypertensive animals which may be directly or indirectly 
involved in an increase of vascular reactivity. Below, some important 
parameters are outlined. 

(i) Changes in vascular electrolyte content 

A marked increase in Na’ ; Ke and water content in arteries of 
various types of experimental hypertensive animals (Tobian, 1956; Daniel 
and Dawkins, 1957; Willard, 1968; Koletsky et al., 1959) and the late 
phase of SHR (Nagaoka, 1970) have been reported. The increased cation 
content is believed to be due to binding to extracellular membrane-mucopoly- 
saccharides, which are altered at the hypertensive stage (Headings et al., 
1960). However, there has been considerable difficulty in attributing 
altered electrolyte content to the extracellular fluid, the extracellular 
matrix or to intracellular loci. Jones (1973, 1974) reported that an 
increase in membrane permeability to Na’, Kr and Cl , based on a study of 
their turn-over rate, was present in SHR large and small arteries; but he 
found no changes in the total amount of these ions present. Friedman (1974) 
has found that vascular smooth muscle cell membrane in rats with DOCA- 
induced hypertension shows a significant increase in "leakiness" as indicated 
by aemivereid increase in the transmembrane passage of wait and ie" at 2°C. 
Therefore, the increase of these cations in hypertensive arteries may be due 
to a partially intracellular binding. In the early stage of a study of 


hypertension, Friedman et al. (1959) have proposed that the sodium 
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concentration gradient between the outside (Nae) and inside (Naj) of the 
smooth muscle cell is a basic determinant of tone, an increase in gradient 
(Nas /Na}) leading to a decrease in tone, a decrease in gradient to an 
increase tone. The blood pressure setting from low to high values is viewed 
as depending on graded changes in sodium transfer equilibria. 

The concentration of the ion more intimately involved with regu- 
lation of contraction, calcium, is reported to be unchanged (Beilin et al., 
1969; Douglas et al., 1967) or slightly increased (Tobian and Chesley, 1966; 
Massingham and Shevde, 1973) in blood vessels of hypertensive animals. 

Since dhiniia cd Malar calcium is probably only a small portion of the total 
tissue calcium (Van Breemen and McNaughton, 1970; Somlyo and Somlyo, 1970), 
and since smooth muscle cells comprise only a part of the total arterial 
weight, this increase in oe cannot be assigned to any specific sites or 
cells (Massingham and Shevde, 1973). 

Hinke (1965), working with isolated perfused ventral caudal tail 
arteries from normal and hypertensive animals, found that the muscles from 
hypertensive arteries exhibited a greater responsiveness to norepinephrine 
than that from normotensive ones. In another study, Hinke (1966) demon- 
strated that the dose-response curve relating the amplitude of muscle contrac- 
tion to calcium ions in the extracellular fluid was shifted to the left in 
the hypertensive arteries. The shift occurred with both norepinephrine and 
KCl employed as the excitatory agent. Since calcium is generally believed 
_to be the agent that activates the contractile process in muscle fibers, 


Hinke suggested that the hyper-responsiveness of diseased arteries may be 
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due either to an improvement in a mechanism of attraction and binding of 
calcium for subsequent release for contraction or to an improvement in the 
efficiency of the contractile elements themselves. Somlyo and Somlyo (1970) 
interpreted Hinke's data by postulating that a hypertensive artery, when 
stimulated, undergoes a greater than normal increase in membrane permeability 
to calcium ions or possesses a sluggish relaxing system that does not remove 
myoplasmic calcium at a normal rate. Therefore, calcium uptake in subcellular 
organelles may be related in some fashion to changes of vascular reactivity 
in hypertension. For example, a decreased calcium uptake by subcellular 
organelles in diseased arteries may increase intracellular free calcium 
compared to normal arteries; this increase may prolong excitation time and 
enhance activation of contraction. Alternately, an increased calcium 
uptake by these organelles may provide a larger calcium pool available for 
release when stimulated. All these mechanisms conceivably could alter 
muscular reactivity in hypertension. 

(ii) Changes in enzymatic activity 

Increased activities of many Bones have been found using 

histochemical techniques on tissues or biochemical techniques on homogenates. 
However, these methods generally lack quantitative accuracy. The following 
is a partial list: Alkaline phosphatase (Gardner and Laing, 1965; Wyke and 
Gardner, 1970; Ooshima, 1973), acid phosphatase (Zemplenyi, 1968; Wolinsky 
et al., 1973; Ooshima, 1973), AMPase, ADPase and ATPase (Oka and Angrist, 
1965; Ichijima, 1969). The physiological importance of these enzymes. is 


not clear. They may be related to processes like cell proliferation, ion 
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transport, muscle contraction, etc. 

It has been suggested that cyclic AMP, and the enzymes con- 
trolling its level in the cell may be responsible for regulating arterial 
tone and contractility (Triner et al., 1972). Increased cyclic AMP is 
often associated with relaxation of vascular smooth muscle tone (cf. Baer, 
1974). In studies of cyclic AMP level, and of the enzymes controlling its 
level in blood vessels of various types of hypertensive rats, Amer (1973) 
and Amer et al. (1974) have found that cyclic AMP content in hypertensive 
arteries is significantly lower than in normotensive arteries. The change 
appeared to be due to an increased activity of the cyclic AMP degrading 
enzyme in hypertensive compared to normotensive arteries, i.e. the cyclic 
peeveatie phosphodiesterase; there was no difference in activity of the 
cyclic AMP synthesizing enzyme, adenylate cyclase. Ramanathan and Shibata 
(1974) have confirmed the result of a lowered cyclic AMP level in arteries 
of hypertensive rats. However, Triner et al.(1975) have reported that the 
cyclic AMP level is elevated and that both related enzymes show slightly 
increased activities in hypertensive arteries. Therefore, the relationship 
of cyclic AMP level with hypertension is controversial. Besides, the 
hypothesis of the involvement of cyclic AMP levels in contraction or relaxa- 
tion of smooth muscle has been questioned (Polacek et al., 1971; Daniel and 
Crankshaw, 1974; Daniel and Janis, 1975; Ljung et al., 1975). Studies by 
Andersson (1972) provide evidence of a direct role for cyclic AMP in regula- 
ting calcium fluxes (increased calcium binding or transport) in smooth muscle, 


but Andersson's results have yet to be confirmed (e.g. Batra and Daniel, 
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1971), and the relationship between cyclic AMP and calcium uptake and 


release in subcellular fractions of muscle remains controversial. 


Clr.) Changes in non-collagen protein and collagen biosynthetic 
activity 


Incorporation of acti g este into the non-collagen proteins i's 
increased in the small vessels of SHR (Yamabe and Lovenberg, 1974), and 
an incorporation of 3H-proline into collagen is increased in the vessels 
of hypertensive rats (Ooshima et al, 1974, LOS = Gerrity etral. 1975) 3 
The above-mentioned results are consistent with Folkow's hypothesis (1956) 
that increased wall thickness to lumen ratio is the cause of vascular reac- 
tivity change in hypertension. However, such studies do not establish this 
as the unique causative factor for altered vascular reactivity in hyper- 
tension. On the other hand, these studies imply altered biochemical 
operations in arterial smooth muscle in hypertension since this is the 
site of collagen synthesis (Rose and Klebanoff, 1971). There is the further 
implicit suggestion of an altered feedback regulation of collagen synthesis 


in hypertensive arteries. 


D) Calcium Utilization in Vascular Tissue 
(a) Hypertensive vascular tissue 
As previously mentioned Hinke (1965, 1966) suggested that the 
hyperreactivity of the diseased artery may be due to an abnormailty of 
calcium metabolism at the cellular or subcellular levels. Finch and Haeusler 
(1974) reported that in depolarized mesenteric artery preparations the 


calcium dose-response curves in preparations from normotensive and hyper- 
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tensive rats were similar. It is known that a high potassium depolarizing 
medium increases the membrane permeability to extracellular calcium or 
releases loosely bound calcium from the membrane (Hinke, 1965; Hudgins and 
Weiss, 1968; Van Breemen, 1969; Van Breemen et al., 1972). However, a more 
recent study has shown that a high potassium medium may also release some 
calcium from the intracellular pool (Goodman et al., 1972). Bohr (1974) 
studied mechanical responses of carotid artery strips from normotensive, 


++ oo +t 
DOCA and spontaneously hypertensive rats to different cations (Ba , Sr , 


hay and Lanse: He found that at the dose ranges from 0.01-1.0 mM the 
contractile response to Ba ih added in the presence of calcium was far less 

in strips from the hypertensive than from the normotensive rats. On the 
other hand, contractile responses of strips from the hypertensive rats were 
greater in response to Sua. Mn** and loved: at similar or higher dose ranges. 
Furthermore, the response of Bat’ was found to be highly dependent on the 
presence of extracellular calcium in preparations from these three types 

of rats. He suggested that the differences in sensitivity may be related 

to alterations in the calcium binding properties of the smooth muscle cells 
of the hypertensive rat. Hudgins and Weiss (1969) showed that barium and 
strontium can exchange with bound calcium in the rabbit aorta. There 

appears to be competition between these nonphysiological cations and calcium 
for membrane binding sites. There is convincing evidence that both manganese 
(Keene et al., 1972) and lanthanum (Van Breemen et al., 1972) decrease 
vascular smooth muscle membrane permeability to calcium. These cations 
probably compete with calcium for membrane sites. Field et al. (1972) 


suggested that the hypersensitivity to noradrenaline of the aortic smooth 
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muscle of SHR is due to some general alteration of the cell membrane 
rather than a specific change in the adrenergic a-receptors. If this is 
true for other vascular smooth muscle of SHR, then the amount of calcium 
mobilization associated with contraction might be different between SHR 
and normotensive rats. 

From ie above results, it is possible that an altered binding 
and transport system of calcium ion could be part of the cause of the hyper- 
tensive state. Since the increase of vascular resistance is determined 
largely bie small blood vessels rather than by large vessels such as aorta, 
I was specially interested in such vessels (e.g. mesenteric arteries) as 
a source of subcellular weoeetns and membranes for studies of calcium uptake. 
I was also interested in studying aorta and heart in a similar way to see 
whether any changes apparent in small vessels occur in other components of 
the cardiovascular system as well. 

(b) Normal vascular tissue 

The physiological function of calcium uptake by the subcellular 
components in small vessels is still obscure and therefore information 
obtained about this will also be valuable. Calcium ion is the agent that 
activates contractile elements in all types of muscle fibers. However, 
terminal cisternae, which serve as both a source and a sink for the 
divalent ions in skeletal (Sandow, 1970) and cardiac muscle (Langer, 1968), 
have not been found in smooth muscle. Based on evidence obtained from 
numerous physiological studies performed on various types of smooth muscle 
fibers, there is currently a consensus that calcium ions associated with 


mechanical activity in smooth muscle may arise from two types of pools 
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(Daniel, 1965; Van Breemen and Daniel, 1966; Devine et al., 1973). 
One is the pool of calcium that is present in the extracellular fluid or 
that is loosely bound to superficial sites in the muscle fiber: the other 
is a tightly bound pool of calcium that is sequestered (or located) in 
the cells. Recent histological and histochemical studies have pointed to 
three specific loci inside the cell where mobilizable calcium may be 
sequestered. TheSe are the plasmalemma, the endoplasmic (or sarcoplasmic) 
reticulum and the mitochondria of the muscle fiber (Somlyo and Somlyo, 1970, 
P97is) Bohr, 1973), | 

The contention that an intracellular as well as an extracellular 
(or superficial) site may store the activator ions needed for contraction 
does not imply that an intracellular store of calcium plays an equally 
important physiological role in all types of smooth muscle fibers. For 
example, the main pulmonary artery of the rabbit, immersed in a calcium-free 
medium, retains the capacity to contract long after extracellular and pre- 
sumably loosely-bound calcium ions have been removed (Devine et al., 1972). 
By contrast the taenia coli of the rabbit, under the same conditions retains 
its capacity to contract for a much shorter period of time (Devine et al., 
1972). Estimates of the amount of endoplasmic reticulum present in the two 
smooth muscles correlate with these findings. The main pulmonary artery 
was assessed as having over twice as much endoplasmic reticulum by volume 
as does the taenia coli (Devine et al., 1972). Devine et al. (1972) esti- 
mated the endoplasmic reticulum volume of both rabbit aorta and of guinea 
pig mesenteric artery; the former was twice as large as the latter. The 


results suggest that calcium movement from the extracellular or intracellular 
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bound calcium pool during the excitation contraction process should be 
different between large and small vessels. A smooth muscle that utilizes 
primarily external or superficially bound calcium for contraction might be 
expected to have a large part of its capacity to bind or extrude cyto- 
plasmic calcium localized in the plasma membrane. A muscle that mobilizes 
intracellular calcium might be expected to contain some part of its capacity 
to actively transport or bind calcium in the membrane of its intracellular 


organelles (Hurwitz and Suria, 1971; Hurwitz et aie ,L9%3). 


E) Aims of this Study 


(1) To isolate fractions sufficiently enriched in plasma membrane, 
endoplasmic reticulum and mitochondria from mesenteric arteries, aortae 
and ventricles of rats so that the calcium uptake and release by each cell 
organelle can be studied. 

(2) To test the hypothesis that calcium pump(s) exist in the sub- 
cellular organelles of vascular smooth muscle (especially on plasma membrane) 
to control intracellular free calcium concentration. 

(3) To test the hypothesis that altered contractile functions of 
mesenteric arteries, aorta and cardiac muscle of SHR are related to an 
abnormality of calcium metabolism and certain enzyme activities in sub- 
cellular levels. 

(4) To explore the relationship between hypertension and the altera- 
tions of calcium uptake and certain enzyme activities observed in mesenteric 


arteries in SHR. 
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ISOLATION AND CHARACTERIZATION OF PLASMA MEMBRANE 
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CHAPTER II: ISOLATION AND CHARACTERIZATION OF PLASMA MEMBRANE FROM 


RAT MESENTERIC ARTERIES 


A. Introduction 


The isolated mesenteric artery is often used to study changes 
in vascular reactivity that are associated with a number of types of 
genetic and experimental hypertension in rats (Armstrong, 1972; Haeusler 
and Finch, 1972; McGregor and Smirk, 1968). Although procedures are 
praiiabie for the isolation of plasma membrane from a number of tissues 
(DePierre and Karnovsky , 1973), no method has been reported for the 
isolation of plasma membrane from small blood vessels. Our laboratory 
has previously reported a procedure for the isolation of a relatively 
pure plasma membrane fraction from myometrial smooth muscle (Kidwai et 
al., 1971a). I have now used a modification of this method to obtain 
fractions enriched in plasma membrane and endoplasmic reticulum from rat 
mesenteric arteries. These fractions should be useful for elucidating 
the role of membranes in various control systems of small blood vessels 


of normal, experimental and diseased rats. 




















MORT SVAREMIM AM2AIT YO MOLTASETETOARAHO Cate, waaeRALIBR 


SAIHATHA DIATIMASIM TAH 
| ‘an mtg | 


betsioat s#T ) f 


segnsdo vbuse oF beau asdto ak yvisixs obianeen 


to asqys to 1sdmun 8 dtiw bodacoosek sis 1613 uivtsesss atuodey 4 


tefeiseH <SVOL egnortemtA) 2367 nt nolentssisqyst testnemtasqxs bas 2 


sts satubasotg dguvosLA .(800L .ealue bas rogst0oM> ;SVOl  domkt ba . 

weuaeti to isditun s mori sastddom sitagig-6 erga tout tie 103 old ie 

sit yot besroges1 cosd eed botfrem.on eter - Glevornet bre | 

yrotsxodsl tuO .elezesv hoold Iisme mora sasidasm smea he to ao 
‘leviteles § to motisioat sit tot sivbs:01q s bedxoget qlesotverq 

ja tewbiay efpeum dsoome IstaaSmoys tio? norios7t rere amastq s0q 

ox i 
atstdo oJ boftem ati? io sotasobibbom s been won Sued 2 CEIVRL ¢ ts 
jax mort mulustisy oimesiqobns bos sasitdmeg smas lq: mt! hargtaee | 


gittabinuls tot Iutsay ad biuode enofssaxt aeodT -ask19378 


akseesy boold Lisme io emeteye Lorin avotrev. ot ea seb 3 so fen a 
.etey boessetb iis Tsdtnaul r9qxe man 


ay. 


é 


22:4 


B. Methods and Materials 

Male Wistar rats weighing 400-500 g were killed by a blow on 
the head, and mesenteric arteries were removed immediately and placed in 
cold (0-4°C) 0.25 M sucrose prepared in double distilled water. Removal 
of most of the fat cells was accomplished by stripping of adhering fatty 
Rreciie with forceps. The superior mesenteric vein and small veins were 
also removed and discarded. The resulting tissue was suspended in 0.25 M 
Sucrose and placed in a glass homogenizer with a loose-fitting (0.004 to 
0.006 inch clearance) teflon pestle (Tissue Grinder, Potter-Elvehjem, size 
23, Kontes). The pestle was rotated at 500 rpm for three strokes in order 
to remove additional fat cells from the blood vessels. The presence of 
fat cells was determined by Mis ca conit examination of arteries stained 
with Sudan black (Carleton and Leach, 1947). The preparation of "mesen- 
teric arteries" included the superior mesenteric, ileal, and jejunal 
arteries (fig. 1). From twelve rats the total wet weight of fat-free 
mesenteric arteries ranged from 4.0 to 4.5 g. The arteries obtained by 
this procedure were homogenized in 0.25 M sucrose with a Polytron PT20 
(Kinematica GmbH Luzern-Schweiz) at 15,000 rpm for 15 s. The homogenate 
was centrifuged at 900 X g for 10 min, the pellet was discarded, and the 
Supernatant from a second 900 X g/10 min spin was then centrifuged at 
104,000 X g for 30 min. The sediment was suspended in 1.5 ml of 0.25 M 
sucrose and layered on a discontinuous sucrose gradient containing 3. mod: 


each of 29%, 37% and 45% sucrose solution (w/w); the concentrations were 
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Ileal arteries Jejunal arteries 


Fig. 1. The preparation of "mesenteric arteries" stained with Sudan 


black: (a) adipose tissue attached; (b) adipose tissue and 


veins removed. The preparation consists of Superior mesenteric, 


jejunal and ileal arteries. 
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checked with an Abbe refractometer. The gradient was centrifuged for 
120 min at 111,688 Xg in rotor SW 41 (Beckman). The preparative scheme 
is summarized in Figure 2. A band was obtained at each interphase: 
fraction F, between the ate medium and 29% sucrose, F, between 29% 
and 37% sucrose, and F3 between 37% and 45% sucrose (figs .3)sc4The 
fractions were removed by Pasteur pipettes, diluted to a Sucrose concen- 
tration of 0.25 M, and centrifuged at 104,000 x g for 30.min...The 
sediment was resuspended in sucrose or buffer as required. 

For electron microscopy, tissues or pellets were fixed in 2.5% 
glutaraldehyde in phosphate buffer (pH 7.1), post-fixed in OsO,, and 
embedded in Epon. Sections were stained with uranyl acetate and lead 
citrate, and photographed on a JEM 7A electron microscope. 

5'-Nucleotidase (EC 3.1.3.5) (Song and Bodansky , 1967 ) and 
(Nat+k™) -aTPase (EC 3.6.1.3) (Kidwai et al., 1973) were determined as 
previously described; the inorganic phosphate liberated from substrates 
was determined by the Fiske and SubbaRow (1925) method. The activity 
inhibited by ouabain (1 mM) was considered be (Nat+KT)-ATPase; this 
activity was often somewhat less than the increase produced by Nat and 
aan Ouabain-sensitive Kt phosphatase (EC 3.1.3.1) (Kidwai et al., 1971a) 
alkaline phosphatase (EC 3.1.3.2) (Bessey et al., 1946) , and phospho- 
diesterase I (EC 3.1.4.1) (Touster et al., 1970) were assayed as previously 
described; p-nitrophenol liberated from substrates was measured at 400 nm. 


Cytochrome-c oxidase (EC 1.9.3.1) was measured by the method of Cooperstein 


and Lazarow (1951), and protein by the method of Lowry et al. (1951). 
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Fat-free mesenteric arteries 


Homogenized in 0.25 M sucrose 


900 X g for 10 min (twice) 





Supernatant (900 X g) Sediment 
104,000 Xg (unbroken tissue, nuclei, 
for 30 min collagen, contractile 





proteins) discarded 
Sediment Supernatant 


suspended in 0.25 M (soluble fraction) 
sucrose, and layered on 


top of sucrose gradient 


111,688 X g for 120 min 


Fy Fo F3 
Plasma Endoplasmic Mitochondrial 
membrane reticulum fragments and 

unidentified 
membranes 


Fig. 2. Procedure for isolation of subcellular fractions. 
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Sucrose solutions 
Fy Plasma membrane 


3ml of 29 % 

F, Endoplasmic reticulum 
3ml of 37% 

F, Mitochondrial fragments 
3m! of 45% and other membranes 





Fig. 3. Schematic representation of the discontinuous sucrose gradient 


after the 2-hour centrifugation. 
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Calcium uptake* was studied in reaction mixtures containing a 
final volume of 1 ml. The composition of the reaction mixture was: 
100 mM KCl, 5 mM MgCl,, 0.1 mM CaCl, labelled with 0.4 uCi/ml wesc] 
5 mM ATP, 40 mM imidazole buffer pH 7.0, and 10-40 ug protein. 
Potassium oxalate (5 mM) and 0.5 m™ NaN, were added as indicated. The 
effect of cations and sucrose on calcium uptake was studied by replacing 
100 mM KCl with 100 mM NaCl or 200 mM sucrose. The peeaee of various 
substrates on calcium uptake was studied by substituting 5 m™ of one of 
the following for ATP: cytidine triphosphate (CTP), guanosine tri- 
phosphate (GTP), inosine Set heeanate (ITP), uridine triphosphate (UTP), 
acetyl phosphate (AcP), p-nitrophenyl phosphate (PNPP), adenosine 
5'-diphosphate (ADP) or adenosine 5'-monophosphate (AMP). The reaction 
mixture was incubated at 37°C for 10 min, then 0.8 ml of it was filtered 
through a millipore filter (25 mm, 0.45 wm, Matheson-Higgins Co.), which 
had previously been washed with 10 ml of 100 mM KCl, and then with a 
solution of 10 ml of 8% sucrose and 40 mM imidazole at pH 7.0. Blanks 
which lacked only subcellular fraction were filtered simultaneously. 
Filtration took 2-3 s, and was followed by a wash with 10 ml of the same 


buffered sucrose solution to remove unbound calcium trapped between 





* Throughout this thesis calcium uptake is used operationally to des- 
cribe all processes ( binding, transport,etc.) leading to calcium accumu- 
lation, and calcium transport refers only to the process whereby calcium 


is transported actively across the vesicle membrane. 
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vesicles. These washes were necessary to give consistent results and 
low blank values. The amount of calcium uptake by the subcellular 
fractions was calculated by correcting for the radioactivity in the 
filter paper without subcellular fraction (blank value). Radioactivity 
was measured by liquid scintillation counting in a Picker Nuclear 
Liquimat Model 650. Quenching as measured by the external standards 
ratio method was negligible, and no correction was necessary. 

Differential centrifugation was used in an attempt to isolate 
mitochondria. The homogenate peeks 59 from the Polytron step, as 
described previously except that the arteries were homogenized twice 
for 5 s each time, was centrifuged at 900 X g for 10 min. The supernatant 
from Be second 900 X g/10 min spin was then centrifuged at 13,000 xX g for 
30 min. The pellet was suspended in 0.25 M sucrose and centrifuged at 
900 X g for 10 min; then the supernatant obtained was centrifuged at 
13,000 X g for 30 min. This pellet was suspended in 0.25 M sucrose or 
buffer, which was the mitochondrial enriched fraction. 

Solutions were prepared from distilled-deionized water and 
analytical grade reagents. Organic compounds were the highest purity 
available from Sigma; geCaCis, was obtained from Amersham-Searle. 

Values were compared by the Student t-test, and differences 
with P < 0.05 were considered significant. Standard errors of the means 


are bracketed in the figures. 
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C. Results and Discussion 

The superior mesenteric, jejunal and ileal arteries were 
included in this preparation. Contamination of the artery preparation 
ine fat cells was low, based on examination of preparations stained with 
Sudan black (fig. 1b); for comparison, mesenteric arteries from which 
adipose tissue was not removed, are included (fig.la). A typical 
electron micrograph of smooth muscle cells of rat mesenteric artery is 
shown in figure 4a; little endoplasmic reticulum and few mitochondria 
are present. After subcellular fractions were isolated, both enzymatic 
marker and electron microscopic techniques were used to characterize 
them. 

The plasma membrane (PM = F,) fraction obtained from the top 
of the gradient was vesicular when examined in the electron microscope, 
and the vesicle membrane was seen (in properly oriented sections) to 
show the typical bilayer structure (figs. 4b, 5a). The PM fraction 
made up 5.4% of the total protein of the 900 X g supernatant (Table 1). 
5'-Nucleotidase, ouabain-sensitive (Nat+k")-ATPase, phosphodiesterase I, 
alkaline phosphatase, and ouabain-sensitive Kt phosphatase (Table 2 ), 
which are widely used as plasma membrane markers (DePierre and Karnovsky, 
1973; Touster et al., 1970), were found to be enriched in this fraction. 
The specific activities were 4 to 6 times higher than those in other 


subcellular fractions. 
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Fig. 4. Electron micrographs of vascular smooth muscle cells of rat 
mesenteric artery and isolated plasma membrane enriched fraction. 
(a) Vascular smooth muscle of rat mesenteric artery; (b) fraction 


F, (plasma membrane). Each bar represents one micron. 





Fig. 5. 


él. 





Electron micrographs of various fractions isolated after density 
gradient centrifugation. (a) Fraction F, (plasma membrane) at 
higher magnification; (b) fraction Fo (endoplasmic reticulum); 
(c) fraction F3 (mitochondrial fragments and other membranes). 


Each bar represents one micron. 
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Table 1. Protein distribution in subcellular fractions from rat 


mesenteric arteries 


Total Protein Value % of 900 X g 
Fraction Supernatant 


(mg) 


900 X g 34.1 ef.81) 338 100 
Supernatant 

Soluble 29.6. feel P12 8626 + 343 
F, (PM) 1.85 + 0.096 Det teO. 3 
F, (ER) 0.460 + 0.037 1 dete Oca 
F, 0.498 + 0.044 | oe Os 


N is the number of experiments, mesenteric arteries from 12 rats 


in one experiment, performed on separate preparations. N= 4. 


PM = plasma membrane enriched fraction; ER = endoplasmic reticulum 


enriched fraction. 
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Table 2, Specific activities of 5'-nucleotidase, ouabain-sensitive 
(Nat+Kt) -aTPase, phosphodiesterase I, alkaline phosphatase, 
ouabain-sensitive K’-phosphatase, and cytochrome-c oxidase 


in subcellular fractions from rat mesenteric arteries 





Enzyme F, (PM) na? F5% (ER) F3 N 
eee ee eres ee ee ee, ee 1 fs OO ree 
5'-nucleotidase 5Oc4o es 3.9 0.5 Eel 9.4 729079 7 
ouabain-sensitive aS 95 +0 QR) 4218E 29047 35 98S 0 5 


(Na +K )-ATPase 


ALT 2222 0G4022 05 


I+ 
=) 
ioe) 
i) 
n 
oO 
ON 

+ 
=) 
> 
Nn 


phosphodiesterase I- 21.81 
alkaline phosphatase HOO] 220032 2. La eter 29 IO ete U2 eee 


ouabain-sensitive Bre Stee EE OZ 0.6 +0.1 O33 Et Omid 5 
K -phosphatase 


cytochrome-c oxidase ORS 72reOR 2 1.47 + 0.3 3.84 + 0.5 6 





5'-Nucleotidase and ouabain (1mM)-sensitive (Nat+K") -ATPase ab tied ee 

are expressed as umoles Pi released mg) protein neh, Phosphodiesterase I, 
alkaline phosphatase and ouabain-sensitive Kt phosphatase activities 

are expressed as pmoles p-nitrophenol released ne > protein nds Cyto- 
chrome-c oxidase activity is expressed as reduction in optical density 


at 550 nm mg! protein nti’ foun! tin tel nukbert be experiments performed 


on separate preparations. 
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The endoplasmic reticulum (ER = F,) fraction obtained from the 
middle layer of the gradient has a vesicular appearance in the electron 
microscope; vesicles in this fraction were not as homogeneous in size 
and shape as those of the PM fraction (fie. 5b). I was unable to 
determine the extent of cross-contamination of plasma membrane by endo- 
plasmic reticulum by using enzyme activities because there are no 
well-established marker enzymes for endoplasmic reticulum of smooth 
muscle. However, oxalate was reported to stimulate calcium uptake by 
skeletal muscle plasma meitbasie vesicles much less than that of sarco- 
plasmic reticulum (Sulakhe et al., 1973). Hence, oxalate stimulation 
of calcium uptake may be characteristic of endoplasmic reticulum. I 
found that ATP-dependent calcium uptake in the presence of oxalate was 
increased only 6.6% in the PM fraction, but 204.5% in the ER fraction, 
and 47:5% in the F, fraction (Table 3 ). If oxalate stimulation of 
calcium uptake is unique to endoplasmic reticulum, then there is only a 
minor contamination of plasma membrane by endoplasmic reticulum. My 
electron micrographs (for example, fig. 4a) revealed a minimal quantity 
of endoplasmic reticulum in mesenteric arteries. This has been 
well-documented by Devine et al. (1972) for guinea pig mesenteric artery, 
where endoplasmic reticulum occupied only 1.8% of the cell volume. This 
small volume compared to skeletal and cardiac muscle is consistent with 
the small amount of protein found in this fraction relative to the PM 
fraction (Table j); however, the per cent yield of these fractions is 


not known. 
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Table. 3, Effect of potassium oxalate on ATP-dependent calcium uptake 


by subcellular fractions from rat mesenteric arteries 


na ee eee ee ee ee 


% increase 


5 mM ATP in ATP- 
Fraction No ATP 5 mM ATP + 5 mM dependent 
oxalate calcium 
uptake by 
oxalate 
Se ee eel ee Se ee es 
#0 CPM) ant GeeoOe 20 Bee o2e nO. 52 16,04 420.72 6.652 -6ch 
F> (ER) Zeta 570220 Gee ete Oco) 14. 638290 .96 20455 5+) 41.3 
F3 Pecouss 02 0' Teese all, Ws AEROS 950 le sO AG) tars) 


Note: In the absence of ATP and in the presence of 5 mM oxalate, the 
values of calcium uptake by the subcellular fractions were 


similar to those values in the "No ATP" column. 
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F3; contained few if any intact mitochondria (fig. 5c), although 
it exhibited the highest cytochrome~c oxidase activity of the sea thre 
fractions Soleted (Table 2 ). However, NaN3 (0.5 mM) did not inhibit the 
calcium uptake by this fraction (Table 4 ), and the magnitude of 
calcium uptake by this fraction was very low compared to that expected 
(Batra and Bengtsson, 1972 ). Therefore, a differential centrifugation 
method was used to isolate a mitochondrial enriched fraction. It 
contained 3.2 + 0.2% of the total protein of the 900 Xg supernatant 
(23.5 + 1.6 mg obtained from 12 rats). The amount of calcium uptake in 
the presence of 17 uM free calcium and 5 mM ATP by this fraction was 
55 + 3 uwmoles calcium/g protein/10 min, 52 + 2% of which was sensitive 
to azide (n = 4). It is likely that this fraction was highly contaminated 
by other subcellular components. 

Since the subcellular fractions isolated from rat mesenteric 
arteries exhibit ATP-dependent calcium uptake, it was necessary to 
characterize this process in more detail. The effect of cations and 
sucrose on calcium uptake by both PM and ER fractions is shown in Table 5. 
In the presence of Mg2t and ATP, the calcium uptake by both PM and ER 
fractions was relatively unaffected by the presence of 100 mM KCl or NaCl. 
However, in the presence of ATP, calcium uptake by the PM fraction was 
slightly and significantly decreased by 200 mM sucrose. The effect of 
various substrates on calcium uptake was also studied. Calcium uptake 
by the PM or ER fraction was enhanced by ATP, but not by CTP, GTP, ITP, 


UTP, AcP, or-PNPP (Table 6). ‘This property of calcium uptake appears to be 
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Table 4. Effect of sodium azide on calcium uptake in the presence 
of ATP by subcellular fractions from rat mesenteric 


arteries 


5 mM ATP 
Fraction 5 mM ATP 2 % change 
0.5 mM NaN3 
ee eee ee ee COC! 
F, (PM) ona teteO.. 39 1687, 250077 tee Oe tt 2a D2 
F, (ER) 7.86 + 0.16 $eG5 1t20233 eek 3643 
F3 S263atebal6 a0 Cte OS = 12.97 £74263 


Values are expressed as umoles calcium accumulated gon protein in 


10 min. 
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Table5. Effect of cations and sucrose on calcium uptake by plasma 
membrane and endoplasmic reticulum fractions from 


rat mesenteric arteries 








Fraction KCl NaCl Sucrose Without 
100 mM 100 mM 200 mM KCl 

F, (PM) 100 98.6 + 5.6 PU eSSe2e tees 98.20°4 5.9 

Fo (ER) 100 LOGS ites 2 962352 7a L0AR 2823.8 


Values are expressed as mean + S.E. of % of calcium uptake in 
control solution, which contained 100 mM KCl, 5 m™ ATP, 5 m™ MgClo, 
0.1 mM CaCly labelled with 0.4 uCi/ml **°caCl,, 40 mM imidazole 
buffer pH 7.0, and 10-40 ug/ml protein, and which yielded 17 uM 
free calcium. Incubation time was 10 min. N= 4. 


* Denotes values significantly different from 100%. 
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Table 6. Calcium uptake by plasma membrane and endoplasmic reticulum 


fractions from rat mesenteric arteries in the presence of 


Substrate 
(5 mM) 


ATP 


None 


various substrates 


PM 


1.8 


Bee) 


FRACTION 


ER 


39. 


6.0 


7.6 





Values are expressed as mean 


presence of 5 mM ATP, 17 uM free calcium. 


Incubation time was 10 min. 


N= 4. 


S.E. of 4 calcium uptake in the 
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different from that of skeletal muscle (De Meis, W969 ;Telnestei1971; 
Martonosi and Feretos, 1964), but similar to that of myometrial smooth 
muscle ( Janis, Crankshaw and Daniel, to be published }, The amount of 
ATP-dependent calcium eoeeke by the PM fraction was about two times that 
by the ER fraction. However, in the presence of oxalate, the amount of 
calcium uptake by each fraction was similar in a 10 Gia tie es 
(Table 3 ). These results Suggest that the calcium accumulation 
properties of plasma membrane may be different from those of endoplasmic 
reticulum, perhaps because of differences in the passive permeability 
of the vesicles to calcium, or to differences in the permeability of 

the vesicles to oxalate. 

This method of isolating fractions from rat mesenteric arteries 
does not require exhaustive washings with a concentrated salt solution, 
and it provides a reasonable yield of plasma membrane and endoplasmic 
reticulum in less than 6 hours. All plasma membrane marker enzymes 
studied were concentrated 4 to 6 times in the PM fraction compared to 
the ER fraction. This suggested that the ER fraction contained a 
maximum of 25% plasma membrane. The PM fraction exhibited little 
increase in calcium uptake by the addition of oxalate in contrast to 
the ER fraction. If this is a valid "marker" for endoplasmic reticulun, 
then the contamination of the PM fraction by the ER fraction may be very 
small. Mitochondrial contamination of the PM fraction was inconsequential 
as measured by the azide sensitivity of calcium uptake. The F3 fraction 


obviously contained mostly non-mitochondrial membrane material which 
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accounted for calcium uptake. Its calcium uptake was relatively 
insensitive to oxalate. The plasma membrane and endoplasmic reticulum 
fractions isolated in this study will be useful for studying hormone and 
drug binding, calcium transport, and a variety of other biochemical and 
pharmacological parameters relating to small vessels of normal and 


abnormal animals. 
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D. Summary 

A method for isolating a plasma membrane enriched fraction 
and also other subcellular fractions from rat mesenteric arteries 
by the use of a discontinuous sucrose density gradient is described. 
Electron microscopy showed both plasma membrane and endoplasmic reticulum 
fractions to be composed of vesicles. 5'-Nucleotidase, alkaline phos- 
phatase, ouabain-sensitive (Nat+K*)-ATPase and Kt-phosphatase, and 
phosphodiesterase I were concentrated in the plasma membrane fraction. 
The increase in ATP-dependent calcium uptake in the presence of oxalate 
was greater in the endoplasmic reticulum than in the plasma membrane 
fraction. The lack of inhibition of active calcium uptake by azide 
suggests that the plasma membrane enriched fraction was relatively free 
of mitochondrial contamination. Calcium uptake by the plasma membrane 
or the endoplasmic reticulum fraction was not enhanced by high-energy 
compounds other than ATP, and was little affected by 100 mM KCl or NaCl 
in the Mg’ *-containing medium. Subcellular fractions isolated by this 
method will be useful for investigating the biochemistry of small blood 


vessels of the rat. 
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CHAPTER III 


CALCIUM UPTAKE AND ENZYMATIC ACTIVITIES 
OF SUBCELLULAR FRACTIONS FROM MESENTERIC ARTERIES OF 


5-6 MONTHS OLD SPONTANEOUSLY HYPERTENSIVE RATS 
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CHAPTER IIL: CALCIUM UPTAKE AND ENZYMATIC ACTIVITIES OF SUBCELLULAR FRACTIONS 
FROM MESENTERIC ARTERIES OF 5-6 MONTHS OLD SPONTANEOUSLY HYPERTENSIVE RATS. 


A. Introduction 


Small resistance vessels play the major role in determining 
peripheral vascular resistance, and they are important sites of 
decreased conductance in essential hypertension (Freis, 1960; Page and 
McCubbin; 91966). This. increase in resistance may result from super- 
sensitivity to vasoconstrictor stimuli or from altered vascular structure 
(Somlyo and Somlyo, 1970). Many reports have shown increased vascular 
reactivity in hypertensive arteries in vivo (Carlini et al., 1959; 
Lais et al., 1974; Weiss, 1974) and in vitro (Collis and Alps, 1975; 
Haeusler and Finch, 1972; McGregor and Smirk, 1970). In order to 
understand the mechanism of this vascular reactivity change, it is 
essential to analyze each step of the series of events which link the 
application of a vasoactive stimulant to the hemodynamic response. 
According to Johansson (1974) , the delivery of calcium and ATP (adenosine 
triphosphate) to contractile proteins are the most susceptible steps to 
alteration, and hence their dysfunction could underlie altered vascular 
reactivity. Calcium is believed to be the rate-limiting determinant of 
vasoconstriction; therefore a derangement in its function and utilization 
is a plausible cause of vascular hyper-reactivity. 

After having isolated fractions enriched in plasma membrane 
and endoplasmic reticulum from mesenteric arteries of normotensive Wistar 
rats (NWR) ( see Chapter II ), I applied this technigue to a comparative 
study of the calcium uptake properties and enzymatic activities of these 


membranes from SHR with those from normotensive rats. 
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Several investigators have observed that enzyme activities 
such as AMPase (adenosine monophosphatase) and alkaline phosphatase are 
increased in arteries of hypertensive animals, and they have suggested 
that these alterations might be involved in reactivity change in hyper- 
tension (Gardner and Laing, 1965; Ichijima, 1969; Oka and Angrist, 1965; 
Ooshima, 1973). I have examined whether such changes are specific for 
certain phosphatases, or whether the activities of several phosphatases 
are increased. In addition, other enzymes which are believed to be 
located mainly in the plasma membrane and are involved in ion transport, 
RNA metabolism, and cell proliferation were studied. 

Folkow et al. (1958) have proposed that a structural change 
leading to an increased wall thickness to lumen size ratio may be the 
underlying cause of increased vascular reactivity in essential 
hypertension. I hoped to determine by my studies whether or not 
alterations in biochemical pavhibeersnwerke present: the presence of 
changes in enzyme activities associated with cell proliferation and the 
lack of alterations in calcium uptake properties would support m@ikowts 
hypothesis. Several pharmacological probes were used to characterize 
these membranes, including both calcium or divalent ion ionophores 
(X-537A, A23187), and calcium "antagonists" (SKF-525A, diazoxide and 
propranolol). Both propranolol and diazoxide are antihypertensive 
agents; diazoxide is of particular interest because it has been 
reported to be a more potent calcium antagonist in hypertensive than 


in normotensive vessels (Janis and Triggle, 1973; Wohl et al-s 1968 . 
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B. Methods and Materials 

Male spontaneously hypertensive Wistar rats of the Okamoto 
and Aoki (1963) strain and normotensive Wistar rats were 5 ae months 
of age and received a standard diet and tap water. Systolic blood 
pressure was recorded from the tail of prewarmed unanesthetized rats 
with a pneumatic pulse transducer, an electrosphygmograph and a physio- 
graph Four-A (E & M Instrument Company, Houston, Texas). The average 
of the three lowest of five readings obtained was recorded as the blood 
pressure of each rat. For a single set of experiments, 6 to 12 rats of 
SHR and NWR were killed by a blow on the head. The mesenteric arteries 
were removed immediately and placed in cold (0-4°C) 0.25 M sucrose 
prepared in double-distilled water. The wet weight of fat-free mesenteric 
arteries ranged from 4.0 to 4.5 g from 12 NWR, and from 3.1 to 3.6 g from 
12 SHR. The subcellular fractions enriched in plasma membrane, endo- 
plasmic reticulum, or mitochondrial and other membranes were isolated 
and studied by electron microscopic, enzymatic and calcium uptake 
techniques as previously described (see Chapter II). 

Leucine aminopeptidase (EC 3.4.1.1) was assayed by the method 
of Goldbarg and Rutenburg Gl958) . Meche AdPace (Mg*t-adenosine triphos- 


tai 


Mg‘t) 


phatase) and (Ca -ATPase were assayed as follows: the reaction 
mixture contained 100 mM KCl, 5 mM Mg-ATP, 20-40 ug membrane protein, 
40 mM imidazole buffer pH 7.0, with 0.1 mM CaCl, for (cat t+mg**) -aTPase 


activity, or without CaCl, for Me! -aTPase, in a total volume of 1 ml. 
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In some cases, suitable amounts of EGTA (ethyleneglycol-bis-(f-amino 
ethyl ether)-N,N'-tetraacetic acid) were added to produce a free calcium 
concentration of 0.3 4M and 1 uM. The reaction mixtures were preincubated 
at 37°C for 5 min, and then incubated for 10 min after the reaction was 
started by adding a subcellular membrane fraction. The reaction was 
stopped by the addition of 1 ml of cold 10% TCA (trichloroacetic acid). 
Inorganic phosphate liberated was measured by the method of Fiske and 
SubbaRow (1925). 
Active calcium uptake (that dependent on the presence of ATP) 
was carried out in reaction mixtures containing 100 mM KCl, 5 mM MgCl, 
5 mM ATP (disodium or magnesium salt), 0.1 ™ CaCl, labelled with 
0.4 uCi *20aGlgs 20-40 wg membrane protein, 40 mM imidazole buffer at 
pH 7.0 in a total volume of 1 ml. In some experiments of active calcium 
uptake, suitable amounts of EGTA were used to adjust the free calcium 
concentrations to 0.3 and 1 uM. The reaction mixture yielded a free 
calcium concentration of 17 uM without EGTA. I used the method of 
Katz et al. (1970) and the binding ponecancs of Godt (1974) to calculate 
free calcium levels; I considered pH, and the concentrations of ATP, 
EGTA, calcium ion, magnesium ion, and buffer in these calculations. 
Passive calcium uptake (in the absence of ATP) was studied in 
a reaction mixture that contained, on a total volume of 1 ml: 100 m™ KCl, 
5 mM MgCl,, 0.1 mM CaCl, labelled with 0.8 pCi ==CaClo, 30-60 ug membrane 
protein, 40 mM imidazole buffer at pH 7.0. Concentrations of 0.3 and 1 uM 


free calcium were obtained by adding appropriate amounts of EGTA. To 
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obtain higher calcium concentrations, additional CaClo was added. 

The active and passive calcium uptake by the membrane 
fractions was studied by the use of the millipore filtration technique 
(see Chapter IT). 

X-537A (Hoffman-LaRoche), A23187 (Eli Lilly), and SKF-525A 
(Smith Kline and French Labs) were dissolved in 95% ethanol; 10 yl of 
each drug was added to a total of 1 ml of reaction mixture. The other 
reagents and drugs were dissolved in 40 mM imidazole buffer at pH 7.0; 
except diazoxide which required a pH of 7.2. Solutions were prepared 
from distilled deionized water and analytical grade reagents. Organic 
compounds were the highest purity available from Sigma; FP Cacis was 
obtained from Amersham-Searle. 

Student's t-test was used to test for significance. 
Differences of P < 0.05 were considered significant. All values are 


expressed in the Results as mean + standard error. 
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C. Results 
a) Comparisions of enzyme activities in fractions 


from NWR and SHR arteries. 


The blood pressures of SHR (191 + 7.0 mm Hg) were significantly 
greater than those of NWR (125 + 5.5 mm Hg) at 5-6 months of age, while 
the body weights of SHR (356 + 5 g) were significantly less than those 
of NWR (482 + 7 g) (N = 40). Similar results have been reported 
previously for SHR of this age (Field et ais, 19:72) 

The subcellular fractions of NWR and SHR arteries were isolated 
on the eeconeminece Sucrose density gradient as previously described 
(see Chapter II); these fractions were designated: plasma membrane, 
F, (PM) (the loading medium and 29% sucrose interphase); endoplasmic 
reticulum, Fz (ER) (29%/37% interphase); and F3 (37%4/45% interphase). 

The protein distribution in the subcellular fractions of NWR and SHR 
arteries from discontinuous sucrose density gradient is shown in Table l. 
Generally, the total amount of protein in the subcellular fractions from 
SHR arteries was 20% less than that from NWR arteries. However, when 
the results are expressed as per cent of the total protein in the super- 
natant from the 900 X g centrifugation, the distribution of protein in 
the various fractions from the two types of rat are similar. Electron 
micrographs of membrane fractions from NWR arteries movealed that these 
fractions were similar to those of SHR (see Chapter II). 


The specific activities of plasma membrane marker enzymes: 
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Table l. Protein distribution in subcellular fractions from NWR and 


SHR mesenteric arteries 


"5S Ss tcp a 








NWR SHR 

Total ea0t Total VE Co he 

Fraction protein 900 Xg protein 900 X ¢@ 
super- super- 

(mg) natant (mg) natant 
a ge SE gs £2 ee ee ae ee eee eee 
900 Xg 
super- 34 ns. Abe ots. 100 27.6 ca NSB Ys 100 
natant 
Soluble 29.6 Fe iLZ sisow es eyes! 24.2 ase Oy; G7.0 5273.9 


F, (PM) 1.85 + 0.096 Deane a3 les /ee oe On O63 Sil as 10ny74 
F2 (ER) 0.460 + 0.037 aoe th OF 1 Oc33or2 207053 LEAS oa Oe 
F3 0.498 + 0.044 i> SPO0r2 0.349 + 0.034 hey ea Oates & 


N is the number of experiments; in each experiment 12 NWR and 12 SHR 
were used. N= 4 
PM = plasma membrane-enriched fraction; ER = endoplasmic reticulum- 


enriched fraction. 
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ouabain-sensitive Kusactivated Phosphatase (Table 2 .), 5'-nucleotidase, 
leucine aminopeptidase and phosphodiesterase I (Table 3 ) were 
Significantly greater in S, (PM fraction from SHR arteries) than in Ny, 
(PM fraction from NWR arteries), but not in the other subcellular | 
fractions of NWR and SHR arteries. Alkaline phosphatase and Met+_atpase 
(Table 3) were significantly greater in all the subcellular fractions 
from SHR compared with those from NWR. In all cases (Cay Mg't)-aTPase 
was not significantly different from that of MoE AqPase. even in the 


presence of EGTA. 


b) Comparisons of calcium uptake activity of 
fractions from NWR and SHR arteries, 

(1) Active calcium uptake. At 17 uM free calcium (fig. 1), 
uptake by S, was significantly greater than that Bye (Lo 39952, 0.90 
vs. 15.01 * 1.15 wmoles calcium/g protein/10 min). The time course of 
active calcium uptake by N, and S, at 17 uM free calcium concentration 
is shown in fig. 2. Active calcium uptake by S, was greater than that 
of N, at 3, 10 and 20 min incubation times. Passive calcium uptake by 
PM fractions of SHR was not different from that of NWR at this free 
calcium concentration, and uptake by both preparations reached a maximum 
ACP tOuSemitys 

(2) Effect of oxalate on active calcium uptake. In the 
presence of ee active calcium uptake by the PM fraction from SHR 
remains significantly greater than that from NWR (Table 4), as expected 


because oxalate does not affect active calcium uptake by either PM 
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Table 2. Specific activities of ouabain-sensitive K'=aceivated 
phosphatase in subcellular fractions from NWR 


and SHR mesenteric arteries 








NWR SHR 

ee Sensitive Kt. Sensitive 

Fraction stimulated to ARE stimulated to ouabain 
(107? M) (1073 M) 

Se ee ee a ee eS a ee ae. oe ae 
F (PM) 3.5 40.4. 2.4 + 0.2 SG cues 10.2 *3.9 + 0.5 
F (ER) dapat IA el § OF 2 O00. P5722 0e2 O29 7220.35 
F On9 52.0.3 Or3es=Oer Delt. 3 O peabsyewet 9 8 


=i ; = 
Values are expressed as umoles p-nitrophenol released mg ~ proteinh~. 
N=4 
* Denotes values significantly different from values obtained from the 


corresponding fraction of NWR arteries. 
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Table 3. Specific activities of 5'-nucleotidase, leucine aminopeptidase, 
phosphodiesterase I, alkaline phosphatase and Mgtt-aTPase in 
subcellular fractions from NWR and SHR mesenteric arteries 


eee eer See ee eee er ee 
Fraction 
Enzyme and type of rat sO 
Fy (PM) Fo (ER) F3 
ON  — 


5'-Nucleotidase 


Normotensive 58.35 + 3.90 9.52 + 1.10 9.45 + 0.90 
Hypertensive pre oO. 5 Jeena es 0290. «| 11266 + 1.60 
Leucine aminopeptidase 
Normotensive 2 outs 016 Lie -0.09 075.69 6420505 
Hypertensive BSh65°*.0.13 1.21 + 0.08 0.97 + 0.05 


Phosphodiesterase I 


Normotensive Bene te Os OZ De UO Or 45 ei 2et ORa0 

Hypertensive S25862 4 0:72 6.50 + 0.69 5.48 + 0.66 
Alkaline phosphatase 

Normotensive ey. OG te Oe 32 2elaet= (0.29 Lc eae eal 

Hypertensive | Pit OEE 3h 7is 40-98 3.35 4 Ona) 
Mg*t-aTPase 

Normotensive SOds tL 5.9 ese rl) SS TOD sealers 

Hypertensive *620 + 9.17 TANS Dla *172 + 8.34 





Specific activities are expressed as umoles phosphate released mg-1l 
protein h™* for 5'-nucleotidase, and Mgt++-ATPase, and as pumoles 
§-naphthylamine released mg~~ protein h-1 for leucine aminopeptidase, 
and as pmoles p-nitrophenol released ng7t protein h-1l for phosphodi- 
esterase I and alkaline phosphatase. 

* Denotes values significantly different from normotensive. 

N = 5 except for 5'-nucleotidase where N = 7. 
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20 


(24) 


(10) 


dmoles Calcium /g protein 





Calcium Concentration ( uM) 


Effect Of fealcium concentration on active calcium uptake by 
subcellular fractions from mesenteric arteries of NWR (open 
Symbols) and SHR (closed symbols): circles, plasma membrane; 
Squares, endoplasmic reticulum; triangles, 900 x g Supernatant; 
Cross markers, F3. The values for F3 from NWR arteries were not 
Significantly different from those from SHR. The length of 
vertical bar to the symbol represents one Standard error of 

the mean. Numbers in the parentheses are the numbers of 
experimental sets performed. Asterisk indicates a significant | 


difference from normotensive values. Incubation time was 10 min. 
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Fig. 2. Time course of calcium uptake by plasma membrane fractions 
from mesenteric arteries of NWR (open circles) and SHR (closed 
circles) in the presence of 5 mM ATP. Calcium uptake in the 
absence of ATP for this fraction from NWR arteries is also 
shown (x). The ATP-independent values for SHR (not shown) were 
not significantly different from those for NWR. Asterisk 
indicates a significant difference from normotensive value. 


N = 5. 
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Table 4, Effect of ATP and potassium oxalate on calcium uptake by 


subcellular fractions from NWR and SHR mesenteric arteries 


ee PA tse hy Fo wee not ftarcre 


Fraction No ATP 5 mM ATP 5 mM oxalate N 
+ 5 mM ATP 
ee AS) eet of avide on activa Abd etun sntoke In the prose 
N, (PM) 5125p 40 48 154732, 490.432 16 cO Ait 20.0.2 4 
S, (PM) 4.88 + 0.58 a72a18, £0 4h *93.70 + 0.75 4 
Ny (ER) 27h e220 7.72 * 0.96 713.94 + 2.36 8 
So (ER) 215920 .26 TAOl 0-78 T5300) 4.2243 8 
N3 1.46 + 0.20. pe aes ody 8.87 + 1.06 5 
S3 1.65 + 0.22 8.54 + 1.06 9.60 + 1.66 6 


Values are expressed as umoles calcium taken up gt protein in 10 min. 


* 
Denotes values significantly different from those obtained for the 
corresponding fractions from NWR arteries. 

t Denotes values significantly different from those obtained in the 

absence of oxalate of the same fractions of either NWR or SHR 


arteries. 
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fraction (see Chapter II). Although oxalate does enhance active 
calcium uptake by the ER fraction, this increase was similar for this 
fraction from NWR and SHR. Active calcium uptake by F, was not increased 
etenificantly by the addition of oxalate. 

(3) Effect of azide on active calcium uptake... In the presence 
of azide, active calcium uptake was again significantly greater for S, 
than for N, (Table 5). The calcium uptake of the other subcellular 
fractions from NWR and SHR was not significantly different in the 
presence of azide. The lack of effect of azide on active calcium uptake 
demonstrates the absence of significant contamination of any of the 
fractions by inner mitochondrial membrane. 

(4) Effect of ionophores on active calcium uptake. Ionophores 
partially inhibited active calcium uptake by all the subcellular fractions 
of NWR and SHR arteries; the vehicle for the ionophores, 95% ethanol, had 
no effect itself (Table 6 ). In the presence of ionophores, calcium 
uptake by the subcellular fractions from SHR arteries was decreased more 
than for those from NWR arteries. The residual calcium uptake by the 
subcellular fractions from NWR and SHR arteries was not significantly 
different in the presence of ionophores. 

(5) Comparison of passive calcium uptake by the PM fractions 
from NWR and SHR arteries. Passive calcium uptake by the PM fraction 
from NWR arteries at 1 mM CaCl» in the medium was significantly greater 
than that from SHR (96.96 + 15.3 vs. 58.11 + 8.9 wmoles calcium/g 


protein/10 min; N= 10). A study of the time course of this passive 
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Table 5. 
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Effect of sodium azide on calcium uptake in the presence 
of ATP by subcellular fractions from NWR and SHR 


mesenteric arteries 


a eee ee ee 


Fraction 5 mM ATP 5 mM ATP + 
0.5 mM NaN 
eee ee eee See ee RE Sf 
N, (PM) 58476200899 eet 87m 77 
S, (PM) *20.25 + 0.79 “20.70 + 0.80 
N» (ER) 7.86 + 0.16 7.45 + 0.33 
So (ER) 9.77 + 0.65 8.47 + 0.37 
N3 8.63 + 1.16 7.50 + 1.08 
$3 9.20 + 0.20 9.16 + 0.23 


Values are expressed as umoles calcium taken up gat 
protein in 10 min. 
* Denotes values significantly different from 

those obtained for the corresponding fractions 

of NWR arteries. 
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calcium uptake shows that both PM fractions reached maximum at about 3 
to 10 min (fig. 39% The-amount of calcium taken up by N, and S, was 
Significantly different at 3, 10 and 20 min. Calcium uptake by both 


PM fractions was near half maximal at 1 min. 


c) Comparisons of effects of diazoxide, propranolol 
and SKF-525A on active calcium uptake. 

Diazoxide and propranolol (at 1 mM) had no Significant effect 
on active calcium uptake by the subcellular fractions from NWR and SHR 
arteries (Table 7). SKF-525A decreased calcium uptake by the subcellular 
fractions from SHR arteries more than those from NWR arteries, but the 
residual calcium uptake by these subcellular fractions was not signifi-+ 


cantly different (Table 6). 
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Time course of passive calcium uptake by plasma membrane frac- 
tions from mesenteric arteries of NWR (open circles) and SHR 
(closed circles) at 1 mM calcium concentration. Reter ick 

er oer a significant difference from normotensive value. 


N= 4, 
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TABLE 7. Effects of diazoxide and propranolol on 
calcium uptake by subcellular fractions 


from NWR and SHR mesenteric arteries 


ne cea ee ee ee ee eee 
Fraction Control Diazoxide Propranolol 
(1 mM) (1 mM) 


N, (PM) | 18.384+1.47 VOD 2 Oe Lo 14.7842.19 
S, (PM) 23.6120.55 24.0640.95 23. 2641.03 
N, (ER) 7.80+0.47 7<8120.29 6.83+0,.34 
S, (ER) 8.6821, 20 8.4740.50 7.2840.60 


Values are expressed as uy moles calcium taken up a protein in 10 min. 
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D. Discussion 
a) Enzymes in SHR mesenteric arteries. 

On the basis of studies of enzyme activities in homogenates, 
and of histochemical studies, several workers have reported that AMPase, 
ADPase, ATPase (Ichijima, 1969; Oka and Angrist , 1965) , and alkaline 
phosphatase (Gardner and Laing, 1965; Ooshima, 1973) are increased in 
arteries of hypertensive animals compared to normotensive ones. I have 
confirmed these results by my study of enzymatic activities in 
subcellular fractions. In addition, I found that phosphodiesterase I, 
leucine aminopeptidase, and ouabain-sensitive Kt activated phosphatase 
activities were also increased in the PM fraction from SHR arteries. 
Since all of these enzymes are believed to be located mainly in the 
plasma membrane of most cell types (DePierre and Karnovsky , 19733 
Touster et al., 1970), it is clear that the plasma membrane of vascular 
smooth muscle of SHR has undergone some biochemical changes associated 
with the development of hypertension. Hence the vascular wall of 
mesenteric arteries is biochemically abnormal. 

Many of these enzymatic changes may relate to increased cell 
proliferation, and are the expected results for blood vessels undergoing 
wall thickening in response to hypertension (Weiss, 1974). For example, 
increased AMPase was reported in proliferating muscle cells of arterial 
walls (Oka and Angrist, 1967), and both AMPase and phosphodiesterase I 


are involved in catabolism of RNA (Yannarell and Aronson 1973). 
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Kt activated phosphatase is generally believed to be a part of 
(Nat+xkt) -aTPase (Glynn, 1968), and therefore its biological function is 
related to Nat and Kt transport. Jones (1974) reported that SHR 
arteries exhibited a decreased ability to accumulate kK’ and extrude Nat, 
and increased ionic permeabilities to Na’, re and Cl. On the contrary, 
I found that the specific activity of this enzyme was increased in 
SHR arterial membrane fractions. My results are difficult to reconcile 
with the hypothesis that altered AeEIIE Nat and Kn transport in hyper- 
tensive arteries is secondary to reduced (Na CRChyearp ages Perhaps this 
ATPase activity is increased to compensate for either increased ion 
permeabilities or partial uncoupling of ATP utilization and ion 
transport. 

For most of the enzymes showing increased activity in 
membranes of hypertensive arteries, no function can so far be assigned; 


thus the significance or consequence of increased activities is obscure. 


b) Calcium uptake in SHR arteries. 

One of the important findings in this study is that active 
calcium uptake by the PM fraction from SHR arteries was increased 
relative to that of NWR. Neither oxalate nor azide affected the calcium 
uptake by the PM fraction from either NWR or SHR arteries, but oxalate 
did increase calcium uptake by ER fractions from both animals. Since 
the increase of active calcium uptake by the PM Pract $64 from SHR 


arteries still existed in the presence of oxalate and azide, it is most 
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likely a property of plasma membrane. 

Calcium uptake in the presence of ATP and ionophores was not 
Significantly different in the PM fractions from NWR and SHR. Thus, 
ionophores may have eliminated the extra calcium transport by the plasma 
membrane that is associated with hypertension. Ionophores are usually 
postulated to act by providing eal pathway for calcium accumulated 
within membrane vesicles against a concentration gradient (Scarpa et al., 
1972). If this interpretation is correct, plasma membrane of hypertensive 
arteries may be capable of transporting more calcium out of the cell than 
the plasma membrane of normotensive arteries. Alternately, the plasma 
membrane isolated from the hypertensive animals may be less leaky to 
calcium. In either case, the absence of an oxalate effect reflects 
lack of oxalate permeation into the vesicles, not failure of accumulation 
of calcium within the vesicle. Recently Entman et al .(1973 ) have sug- 
gested that ionophores act in cardiac sarcoplasmic reticulum by interfer- 
ing with an ATP-dependent calcium binding site. Ionophores and SKF-525A 
may inhibit calcium binding in arterial plasma membrane and differentially 
in membranes from arteries of hypertensive rats; but no direct evidence 
is available on this point. 

Passively bound calcium exerts an important control over 
plasma membrane excitability and permeability CipteolesuL9./ 20) > mal 
examined calcium uptake (presumably binding) by plasma membrane from a 
concentration of 1 mM calcium in the absence of ATP. Calcium uptake by 


PM fraction of SHR arteries was decreased compared to NWR. Reduced 
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binding of calcium might be associated with a decreased membrane 
stability, and an increased permeability to calcium and other ions 
(Triggle, 1972). As mentioned above, evidence that changes in Nat, 

as and Cl permeability occur in SHR aorta has been reported (Jones, 
1974). If there is also an increased permeability to calcium, the 
Ae eee ATP-dependent calcium uptake by the SHR plasma 
membrane might be an expected compensatory response. Alternately, if 
passive binding of calcium occurs inside the vesicles, plasma membrane 
vesicles from arteries of SHR may have a lower permeability to calcium 
than similar vesicles from arteries of NWR; then their observed 
greater uptake of Sean in the presence of ATP as well as the greater 
loss of this calcium Payee in the presence of ionophores may reflect 


a less "leaky" vesicular fraction. 


c) Other aspects. 


Several investigators have emphasized that one should use 
multiple strains of normotensive Wistar rats as controls for SHR 
(Clineschmidt et al-, 1970; Shibata et al., 1973) . The results shown 
were obtained using normotensive Wistar rats from Woodlyn Farm (Ontario, 
Canada) as the controls. However, similar results were also obtained 
(see Chapter V) using a different strain of normotensive Wistar rats 
from Simonsen Laboratories (Gilroy, California, U.S.A.). Levy (1973) 
reported that Simonsen Wistar rats and Kyoto normotensive rats from 


which the SHR was developed had identical vascular response to pressor 
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agents. ATP-dependent calcium uptake by the PM fraction from SHR’ 

was Significantly higher than that from NWR mesenteric arteries. In 
contrast, the ATP-dependent calcium uptake by the plasma membrane 

fraction from SHR aortae was decreased as compare to that of NWR 

(see Chapter VI). This qualitative difference might reflect a difference 
in the mechanisms controlling contraction and relaxation of large and 
smali vessels. It is well known that the contractile response of strips 
of "resistance arterioles" is rapid and is followed by a secondary partial 
relaxation (Bohr and Goulet, 1961) , while the response of aortic strips 

is slow but sustained. The different properties of contractile response, 
and of calcium accumulation by the subcellular fractions observed in 

large and small vessels of SHR relative to NWR might suggest that the 
mechanisms responsible for the reactivity change in SHR aorta might 

be different Fre that of mesenteric artery. The lack of similar changes 
in calcium uptake by plasma membrane fractions from aortae and mesenteric 
arteries may also be related to the fact that contractile hyper-reactivity 
in the aorta (Field et al., 1972; Janis and Triggle, 1973) develops 

much later than in mesenteric artery (Haeusler and Finch, 1972). 

In this study, alterations in factors which may control the 
reactivity of vascular smooth muscle in SHR have been demonstrated. 
Calcium uptake and ATPase were altered and these changes might be 
directly involved in reactivity changes in hypertensive arteries. In 
addition, increased activity of enzymes which are believed to be 


involved in cell proliferation was associated with hypertension. This 
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indicates that changes in both calcium regulation and vessel wall 
thickness may be important for the development of vascular hyper-reactiv- 


ity. 
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E. Summary 
Calcium uptake and enzymatic activities were studied on 

plasma membrane enriched and other subcellular fractions from masenteric 
arteries of normotensive Wistar (NWR) and spontaneously hypertensive rats 
(SHR). The specific activities of plasma membrane marker enzymes (5'- 
nucleotidase, phosphodiesterase I, leucine aminopeptidase, and ouabain- 
sensitive K'-activated phosphatase) were significantly greater in the 
plasma membrane enriched fraction from arteries of hypertensive than in 
those from normotensive rats. Alkaline phosphatase and Me*t-aTPase 
exhibited increased activities in all subcellular fractions of arteries 
from SHR as compared to those from NWR. The maximum calcium uptake in 
the presence of 5 mM ATP and 17 uM free calcium by the plasma membrane 
fraction from SHR arteries was significantly greater than that from NWR 
arteries. In contrast, the maximum ATP-independent calcium uptake in the 
presence of 1 mM free calcium by the plasma membrane fraction from SHR 
arteries was significantly lower than that from NWR arteries. The iono- 
phore-induced decrease in calcium uptake by these fractions was 1.5 to 
2.5 times greater for SHR than for NWR arteries. The presence of changes 
in activities of enzymes believed to be involved in cell proliferation 
as well as changes in calcium uptake suggest that increased vascular 
reactivity associated with hypertension is due to changes in both calcium 


metabolism and vessel wall thickness. 
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CHAPTER IV 


ALTERATIONS IN CALCIUM TRANSPORT AND BINDING BY 
THE PLASMA MEMBRANE OF MESENTERIC ARTERIES FROM 


SPONTANEOUSLY HYPERTENSIVE RATS 
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CHAPTER IV: ALTERATIONS IN CALCIUM TRANSPORT AND BINDING BY THE PLASMA 


MEMBRANE OF MESENTERIC ARTERIES FROM SPONTANEOUSLY HYPERTENSIVE RATS 


A. Introduction 


Spontaneously hypertensive rats (SHR) are probably the best 
animal model for human essential hypertension (Okamoto, 1972). Perfused 
vasculature (Haesuler and Finch, 1972; Lais and Brody, 1975) as well as 
isolated strips of vessels from these rats (Field et al., 1972; Holloway 
and Bohr, 1973; Shibata et al., 1973) exhibit an increased sensitivity 
to some contractile agents. Furthermore, it has been demonstrated that 
certain of these alterations in vascular responsiveness of SHR can occur 
in the absence of increased wall stress (Hansen and Bohr, 1975). These 
authors have postulated that structural changes are secondary to the 
increase in transmural pressure whereas certain functional changes in 
smooth muscle sensitivity are not. The above results support the hypo- 
thesis that supersensitivity of resistance vessels to Lincs Soe 
contribute to the initiation and maintenance of hypertension. 

A derangement of calcium regulation is a plausible cause of 
this supersensitivity in SHR (Field et al., 1972; Janis and Triggle, 
1973). However, the meaningful study of calcium movements in intact 
smooth muscle is very difficult or impossible, even when the Tee 
technique" is used (Daniel and Janis, 1975). Therefore, it was desirable 
to use subcellular fractions for the study of calcium uptake by organelles 


from blood vessels to avoid the problems associated with the use of intact 


smooth muscle. 
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It is not possible at the present time to isolate a large mass 
of true resistance vessels for the preparation of subcellular fractions; 
mesenteric arteries were used because of the relatively small size of 
the ileal and jejunal arteries that make up much of this preparation (see 
Chapter II). A plasma membrane enriched fraction isolated from mesenteric 
arteries of SHR exhibited decreased passive uptake of calcium when com- 
pared to that isolated from normotensive rats (NWR) (see Chapter III). 
This was of particular interest because Hansen and Bohr (1975) have sug- 
gested that a decreased number of calcium binding sites in plasma membr- 
ane might be the cause of increased vascular excitability associated 
with hypertension. 

Other studies from Bohr's laboratory have shown that the re- 
activity of arteries to fay lee sxbh and Meet was qualitatively and quan- 
titatively different when SHR and NWR were compared (Bohr, 1974; Holloway 
and Bohr, 1973). These differences in reactivity to nonphysiological 
cations was also seen in pre-hypertensive SHR (Shibata et al., 1973) ¥ 
and therefore may not be secondary to hypertension. The aims of the 
present study were to determine whether the effects of these cations on 
membranal calcium uptake could be correlated to their differential con- 
tractile effects, and to use these cations as probes of the membranes from 


SHR to determine if other alterations of calcium binding sites are pre- 


sent. 
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B. Methods and Materials 


Animals and Fraction Preparation 

The male SHR of the strain developed by Okamoto and Aoke (1963) 
from Japanese Wistar rats were studied. Male Woodlyn Farm (Ontario, Can- 
ada) normotensive rats were used as controls. A comparative study revealed 
(see Chapter V) that these and male California normotensive rats (Simon- 
sen Laboratories, Gilroy, California) were similar in all respects stu- 
died and showed similar differences from hypertensive animals. The ani- 
mals were 5-6 months old and had a blood pressure of 115-130 and 170-210 
mm Hg for normotensive and SHR respectively. Systolic blood pressure 
was recorded from the tail of unanesthesized rat with a pneumatic pulse 
transducer and electrosphygmograph as previously described (see Chapter 
DLL. 

The animals were killed by a blow on the head and mesenteric 
arteries quickly removed and freed from fat, connective tissue, and veins. 
Plasma membrane enriched fraction from NWR and SHR was isolated by the 
use of a discontinuous sucrose gradient as previously described (see 
Chapter Li)’. 

Calcium uptake in the presence of ATP was carried out in 1.0 
>? 5 mM ATP (diso- 

45 


dium or magnesium salt), 0.1 m™ CaCl, labelled with 0.4 uCi Ca Cl,, 


20-40 ug membrane protein, 40 mM imidazole buffer at pH 7.0, which 


ml reaction mixture containing 100 mM KCl, 5 mM MgCl 


yielded 17 uM free calcium. Calcium uptake in the absence of ATP was 


studied in a 1.0 ml reaction mixture that contained: 100 mM NaCl, 1 mM 
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MgCl, , 1 mM cacl, labelled with 0.8 uCi Pac, 30-60 ug membrane pro- 
tein, 40 mM imidazole buffer at pH 7.0. The active and passive calcium 
uptake by the membrane fractions was studied by the use of the millipore 
filtration technique as previously described (see Chapter II). 

Values were compared by the Student's t-test. Differences 


with p values ¢ 0.05 were considered significant. Means and standard errors 


are given in the tables. 


Materials 


BaCl, sxrcl,, MnCl, CaCl, and other compounds were dissolved 


in 40 mM imidazole buffer at pH 7.0. Solutions were prepared from dis- 


tilled deionized water and analytical grade reagents. Organic compounds 


were the highest purity available from Sigma; sagac was obtained from 


Amersham-Searle. 
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C. Results 
Comparison of effect of ae Ba ta and Ma on ATP dependent 4S ght 


uptake by the PM fraction from NWR and SHR arteries. 
45. ++ : 
ATP dependent Ca -uptake by the PM fraction from SHR ar- 


teries was significantly greater than that of NWR (Table 1). Ata 


concentration of 1 mM, nae. sr*t or unlabelled Ca but not Mat sig- 


nificantly inhibited ATP-dependent Oo Camecusrane by these fractions. The 


450 


Sy aes 4 F Sunt 
ability of these cations to compete with a for uptake by these frac- 


tions was in the order: cold aS ue Bats. At 1 mM, nee" could de- 


crease Can cuptare more in the PM fraction from NWR than that of SHR. 


On the other hand, Sr' at 1 and 10 mM, and Gace at 1 mM, could decrease 


HE 
Pos -uptake more in the PM fraction from SHR than that of NWR. The 


decrease in ereeT See ee in SHR PM fractions caused by sr’ (10 mM) and 


etal mM) was significantly different from that of NWR membranes, and 


the residual amount of +t G taken up were not different between the 


fractions from normotensive and hypertensive rats. Mn‘ (1 mM) did not 
affect the active calcium uptake by the PM fractions from either SHR or 


NWR arteries. 


Comparison of effect of pe Bra Ga’ and Mn oe on ATP independent 


eae Stn tate by the PM fraction from NWR and SHR arteries. 


ATP independent Ca copeake by the PM fraction from SHR 


arteries was significantly lower than that of NWR (Table 2). At the 


doses used Rank Se Mais and cold Cau could significantly decrease 


8 ier taken up from the PM fractions from NWR and SHR arteries. Despite 
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Baas (1 mM) inhibited soil -Gp baie by the PM fraction significantly 


this; 
more from SHR arteries than that from NWR. On the other hand, Mn‘? (1 mM) 
inhibited ie Ga meatn hale more by the PM fraction from NWR arteries than that 
from SHR. In large excess (10 mM) Sr’ and Gale reduced all po Camaciintae 
to a very low level which probably represented non-specific binding; 
naturally there was a greater decrease in lca tar aie in fractions from 
NWR than that from SHR arteries. The residual amounts of calcium bound 

to Phe PM fraction from NWR were still significantly greater than those 

to the PM fraction from SHR in the presence of Bae srt, and cold Gat: 


but not Mn’, but in all cases the difference was markedly reduced. 
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D. Discussion 


Alterations in calcium uptake and enzymatic activities were 
present in subcellular fractions from mesenteric arteries of SHR (see 
Chapter III). The results in this study further show that there are 
differential effects of vat ous cations on calcium uptake by the PM 
fractions from SHR and NWR arteries and support Bohr's suggestions (1974) 
on the reactivity changes accompanying hypertension. 

The differences between the plasma membrane fractions from 
NWR and SHR arteries with respect to ATP-dependent calcium uptake were 
noted when other divalent. cations were added to compete with ren 
during uptake. I examined competition of these cations with calcium 
because of the findings of Bohr (1974) and Shibata et al., (1973) on 
interaction of these cations with calcium in excitation-contraction 
coupling in intact artery strips. The concentrations of cations used 
were those found by Bohr (1974) to differentially affect contractions 
of arteries from normotensive and hypertensive rats (1 mM Ba? and Mon 


10 mM Sr’), In my study, the abtlity of Sr’? and ae (1 mM) to 


++ 
compete for ATP-dependent sites of uptake with ee was less than that 
++ 5 
of unlabelled Cee but sr’? was more effective than Ba which was 
nearly ineffective. Mn’ was completely ineffective. Similar results 
et 5 a a ; ; ee 
were reported for Mn and Ba in microsomes from guinea pig intes- 
: ; 45 ++ 
tinal smooth muscle (Hurwitz et al., 1975). The uptake of “Ca pre- 
vented by competition was greater in plasma membranes from arteries of 


hypertensive animals than in those from arteries of normotensive animals 


when either srt mM or 10 mM) or unlabelled Ga (1 mM) was added. In 


(> 
“1 
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t+ 
contrast, Ba (1 mM) was more effective in plasma membranes from arteries 

‘ P RC ; ade are oa ag 
of normotensive animals. Mn (1 mM) did not significantly diminish uptake 
of calcium by plasma membrane of either type of rat. Thus the calcium 
uptake processes were differently susceptible to competition by other 
cations in plasma membranes of normotensive and hypertensive arteries. 

t ; ; 

Both Sr and ionophores (see Chapter II1L) displaced more 
Uae. ; ' , : 

Ca from the plasma membrane fraction which was derived from arteries 
of hypertensive animals than those of normotensive animals. These results 
suggest that at least two types of calcium uptake sites exist in these 
plasma membranes and that the proportion of each type may vary in hyper- 
tension. Furthermore, these results are consistent with some of the 
findings of Bohr (1974) and Shibata et al., (1973) : contractions of the 
carotid and aortic strips to Bat were significantly higher in amplitude 
in NWR as compared to SHR, but contractions induced by Sr and Mn 
were significantly higher in amplitude for SHR than those in NWR. 

These cations may cause contraction by releasing calcium from 
binding sites in plasma membrane, thereby triggering contraction. The 
ability of+Ba and’ Sr to compete with ATP-dependent calcium uptake by 
PM fractions in my results was correlated with such a release. Mae did 
not affect active calcium uptake in these fractions suggesting that its 
mechanism of action to provoke contraction may be different from ae and 
+h 


Sr, but see below. ATP-dependent calcium uptake is assumed to be due to the 


presence of inside-out vesicles in my fractions and presumably reflects 
the activity of an outwardly directed calcium pump in the plasma mem- 


brane. Inhibition of calcium pumping may not be functionally equivalent 
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to release of Ca from binding. I have not studied effects of cations 


release since it would be appropriate to apply the cations to the outer 


Si. 


OTL 


surface of the plasma membrane, and this is presumably the inner surface © 


of the vesicles. 

The ability of se eran and Mn’ to compete with aaa for 
ATP independent uptake also shows that differences exist between plasma 
membrane fractions from NWR and SHR arteries. Bawa (1 mM) was also as 
effective as 10 mM Sr’ in inhibiting “Sige uptake from plasma membrane 
of SHR arteries but was much less effective in this regard in membranes 

: -F +h - 
from NWR arteries. Ca and Sr at concentrations of 10 mM were both 
: ; ; A524 7 

effective in displacing Ca more effectively from the plasma membrane 
of NWR and SHR arteries. Make (1 mM) displaced aScatt more effectively 
from the plasma membrane of NWR arteries than of SHR arteries, and resi- 


dual hee uptake was not the same for both types of membranes. These 


results show that ATP independent sites of Sie uptake differ from 


ATP dependent ones: first, ae (1 mM) did not affect areca uptake in 


, : or RY ps 

the presence of ATP but it did reduced cee uptake in its absence; and 
SUaLs : < : ++ 

second, Ba was a much more effective competitor relative to Sr at 

least in membranes from SHR in the absence of ATP. My findings were 

inconsistent with any straightforward explanation of results of Bohr, 

Shibata and co-workers in terms of contraction being initiated by dis- 

ts ; 1 1D 4. P 
placement of Ca by cations from ATP independent binding sites. In 
fact, there is an inverse correlation between these results and those 


predicted on this mechanism. 


Electron microscopic studies have shown that the plasma mem- 
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brane fractions are composed of vesicles (see Chapter II). It is possible 
that more of the vesicles from SHR arteries are of the inside-out orien- 
tation than those from NWR arteries. Therefore, the effects of competing 
cations might be due to (a) alteration in binding properties of the exposed 
sites, (b) alteration in the transport to the unexposed sites, or (c) alter- 
ation in the proportion of inside-out and right side-out vesicles. This may 
be related to the marked effect of Paes on inhibiting ATP independent 
calcium uptake by vesicles of SHR arteries, and to the increased effective- 
ness of Mn'* in competing with this passively bound calcium. 

The interpretation of results obtained for Saint ale in 
the presence of ATP is complicated by the fact that the added cations 
competed not only for Ace uptake sites in membranes, but also with 
Me and ae for complexing ish ATP. However, there was sat each 
ATP and Neue and calculations have shown that this provides an excess 
of Mg-ATP for activation of ca binding. Thus the 1 mM concentrations 
of competing cations would probably not inhibit the utilization of ATP 


for Se Cal binding. In the presence of 10 mM Sr, 


Met was substantially 
displaced from the ATP complex. Also the order of affinities of cations 
for ATP was Ma Mens ca‘ t> Sr’ '> Bai (Pd ipa. 19663 lzatt et. al., 
1971). There is some possibility that the affinity of the active site for 
Mg-ATP utilization may have a much higher Spine for another ATP-cation 
complex than for Mg-ATP; if so,. cations may have inhibited 43 pn rere 
by preventing ATP utilization for the process. Complexing of added 


cations by ATP reduced their concentrations, but this can not explain 


F ; er : : Te ees ; : 
the ineffectiveness of Ba in displacing Ca since less of this cation 


CoQ. 
oa 
























sldteaog et 31 .(I1 ss2qadd 992) esioteov to baRor FmO2 9X8 mete 


nm 
j 
i 


-aito. tuo-sbieni sid 10 82s eotiesxs AHE mori as fokesy sit to — 2 da 
gnitaqmos to etosiis odd ,s1to}stenT vaeks 63168 AWM mort SAEs nett 10. ie 
it 16 estsusqoxrq gatbard as oksavad te (3) o2 sub ad digkn enc jas 

ae? 
-1stis (5) to ,as3te besoqxenay oft og tyequnex3 oats nk notinves ls (4) ef : 
} “ aa | _ 


vem ardT egloltesvy tJuo~abire s0782£5 bite JO ~abrent to sit dati Xs, od3 nt wok 


DsSeoqxs 81 


jnobasqebni STA gokatdtidead no wa Jo tostis bed 18a oda. o2 pee oT 

nN — 
-svitoatis bsesstont srit.ot brs ,eSixegia ake To eer: obeay xd oinaqa unk 
a rod r . ~~ dt bl + age 

-muisies bavod yievieesq aids dstw gaisteqmas al as 
wi 
sistqu- sd” vot bantside ativess to mois laserqissat onT 

~— 


itso hebbs sd3 25d doet ent yd boedsstiquon 8 TTA to soueay 


v 
F ++ cP 
itiw eels tud ,.2snsidmsa ai apstte sins qu BD x08 vino. son bese 
~ 


- ee ies 
doss Mm @ esw sysda ,yevewoH .9TA date goixeiqmoo rot Hank bai 


ga9oxe ms sablvorg ating dada mwods saved enotsaivates bas eee 


ae + . 
anotissjasonoo- Mn © sdt-eud? ‘ygntbatd ) Io noktevi3o8 103 ha 
GTA io notisstiiay ofa yhdbidek gor ¢hdsdoxd toad eaotses snkseg 
= 
ae wy ‘ 
: , rt rt +, cP re 
Vilsittnssadue asw sé. a) Mange io aah aa ait aE venti tO: 


' - > 

amotias to sottiotite.to’ «shxo edu oPLA | key Cop a. Se 

. evie 3s dtasl padkl eaqh(ii di g) a ai "72 < ars <* “ms x iM om 
\ = 1 ’ 


. soit stie vidos oft io viigltis ai3 os sbtadoney sas, 





t B71 tedgons 101 (ytatite veighd dour : ovat chat M0) 


are a. | ) aes 
| mS. . he ry b : q i ; vir ; Lo . % . u Ae ad ? 
a : ~ 7 “—, ee Se 7. 


833 


was complexed than sr’? and Cae However, Mn? concentrations were 
substantially reduced in the presence of ATP because of the higher affinity 
of this cation than of Met for ATP. This may explain the ineffectiveness 

of sey as a competitor for eer aip ae in the presence of ATP. The general 
effect of adding a cation with an affinity for ATP would be to increase 

the level of free ae but the increases would be small and similar 

except when 10 mM srt was added. It is important to emphasize that none of 
the above considerations will account for a difference in the effect of 
competing cation on NWR and SHR; these comparisons were made under identical 
conditions. 

The results of this study show that the susceptibility of the 
calcium uptake processes to competition by other cations is different in 
plasma membranes of normotensive and hypertensive arteries. This further 
supports the view that supersensitivity of the reactivity of vascular smooth 
muscle of SHR to contractile agents may be due to a derangement in calcium 
regulation. Furthermore, it is possible that a change of calcium regulation 
is responsible for the thickening of vascular walls of nypertensive patients 
(Folkow, 1971) because calcium also plays a number of key roles in cellular 
metabolism, including the regulation of important phosphoproteins and of 


stimulus-division coupling (Berridge, 1975). 
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lhe Summary 


$+ 
The effect of srt, Ba and navy on calcium uptake by a plasma 
membrane enriched fraction from mesenteric arteries of spontaneously hyper- 
tensive rats (SHR) was studied to determine what alterations in divalent 
, ; : 45. ++ 
cation interactions are associated with hypertension. ATP-dependent “Ca 


uptake by this fraction from SHR was significantly greater than that of nor- 


motensive rats (NWR). This oes uptake by these fractions from both types 


of rat could be reduced by Hane srét and non-radioactive coe but not by 


Mn**, the ability of these cations to compete with ene 


++. Ht 
order: Ca > Sr > Baan In contrast, ATP~independent send uptake by 


was in the following 


this subcellular fraction from SHR was significantly less than that of NWR, 

: ; oy ame : ; 255 ‘ 
and this passive ~Ca binding could be displaced by Mn in addition to 
the other cations. Both qualitative and quantitative differences were found 
between SHR and NWR in this study of the effects of cations on calcium uptake 
by arterial plasma membrane. These results suggest that the plasma membrane 
of SHR arteries has calcium binding and transport properties that are differ- 
ent from those of NWR. However, there is not a complete correlation between 


the reported effects of the cations on contraction of other arteries in hyper- 


tension and on calcium uptake by membranes of SHR and NWR. 


,o8 
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CHAPTER V 


RELATIONSHIP BETWEEN BLOOD PRESSURE OF 
SPONTANEOUSLY HYPERTENSIVE RATS AND 
ALTERATIONS IN MEMBRANE PROPERTIES 


OF MESENTERIC ARTERIES 
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CHAPTER V: RELATIONSHIP BETWEEN BLOOD PRESSURE OF SPONTANEOUSLY HYPERTENSIVE 


RATS AND ALTERATIONS IN MEMBRANE PROPERTIES OF MESENTERIC ARTERIES 


A. Introduction 

I found that the specific activities of certain enzymes of a 
plasma membrane enriched fraction isolated from mesenteric arteries (see 
Chapter II) of spontaneously hypertensive rats (SHR) were greater than 
those of Ontario normotensive Wistar rats (NWRo) (see Chapter III). 
Furthermore, maximum ATP-dependent calcium uptake under certain conditions 
was greater for this fraction from SHR than that from NWRo (see Chapter 
III). There is no ideal control for SHR and therefore more than one 
strain of normotensive rat should be used in studies of this type. In 
the present investigation I have studied enzymatic and calcium uptake 
parameters in a second strain, California Wistar normotensive rats 
(NWRc). Levy (1973) has reported that this strain exhibits a vascular 
response to pressor agents that is identical to that of the Kyoto 
normotensive rats from which the SHR was developed. Therefore, one aim 
of this study was to evaluate whether the differences previously reported 
(see Chapter III) between 5-6 month old SHR and NWRo were due to strain 
differences unrelated to hypertension. 

Two other types of experiments were also carried out in the 
present investigation to further characterize the relationship between 
hypertension and the alterations in the above-mentioned membrane 
parameters. First, SHR and NWRc were compared at 3 age groups to 


determine if enzymatic activities or calcium uptake were abnormal 
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before as well as after the development of hypertension. Secondly, 
these same parameters were studied in mesenteric arteries from rats 
treated with the antihypertensive agent, hydralazine, to determine if 
the prevention of hypertension would also prevent the development of 


differences between SHR and normotensive rats. 


w\8 
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B. Methods and Materials 


Animals 


The male SHR (Okamoto and Aoki, 1963) used in this investigation 
were bred at our facilities, and age-matched male NWRc were supplied by 
Simonsen Laboratories, Gilroy, California, and NWRo by Woodlyn Farms, 
Ontario. Hydralazine treatment of SHR and NWRc was started at less than 
one month of age. The rats were fed, ad libitum, 80 mg/liter of drinking 
water during the first month, and then 100 mg/liter during the next 2-3 
months. 

The systolic blood pressure was monitored by using a Narco- 
Bio-Systems Model PE-300 sphygmomanometer for indirect measurement of 
tail artery pressure as previously described (see Chapter III). Hyper- 
tension was arbitrarily defined in this study as systolic blood pressure 


greater than 150 mm Hg. 


Subcellular fractions 


The animals were killed by a blow on the head and mesenteric 
arteries quickly removed and freed from fat, connective tissue and veins. 
Plasma membrane and endoplasmic reticulum fractions from NWR and SHR 
were isolated by the use of a discontinuous sucrose density gradient as 


previously described (see Chapter III). 
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Enzyme assays and calcium uptake studies 


Protein (Lowry et al., 1951), phosphate (Fiske and SubbaRow, 
1925), 5'-nucleotidase, Me’ '-ATPase and alkaline phosphatase were 
determined as described (see Chapters II and III). Calcium uptake in 
the presence of ATP was carried out in a reaction mixture containing 
LOO mM KCl, 5 mM MgClo, 5 mM ATP (disodium salt), 0.1 mM CaClo labelled 
with 0.4 uCi Pesce 15-25 ug membrane protein, 40 mM imidazole buffer 
at pH 7.0 in a total volume of 1 ml which yields a 17 uM free calcium 


concentration. Millipore filtration technique was used to determine 


45 
Ca uptake (see Chapter II). 


Reagents and drugs 


Hydralazine HCl was supplied by Sigma. The divalent cation 
ionophore, X-537 A, (supplied by Hoffman-LaRoche) was dissolved in 95% 
of ethanol and 10 ul of the drug was added to a total of 1 ml of reaction 
mixture. The other reagents and drugs were dissolved in 40 mM imidazole 
buffer at pH 7.0. Solutions were prepared from distilled deionized 
water and analytical grade reagents. Organic compounds were the highest 


45 
purity available from Sigma; CaClo was obtained from Amersham-Searle. 


Statistical test 


Values were compared by the Student's t-test. Differences 
with P value < 0.05 were considered significant. Standard errors of 


the means are bracketed in the figures. 
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Comparison of the two strains of normotensive rats 


There were no significant differences between the 5-6 month 
old NWRo and NWRc strains of rat in the parameters measured. This was 
true for both body weight and blood pressure as well as for measurements 
made on the subcellular fractions: 5'=-nucleotidase, Me ATPases 
alkaline phosphatase and calcium uptake (Table 1). Therefore, the 
quantitative and qualitative differences in the above parameters 
between NWRc and SHR at this age were similar to the differences 


between NWRo and SHR that were described previously (see Chapter III). 


Comparison of hypertensive and normotensive rats at different ages 


The mean body weight of SHR was the same as that of NWRc at 
33 days of age, but was significantly less than that of NWRce at both 
3-4 months and 5-6 months of age. In contrast, the mean blood pressure 
of SHR was significantly greater than that of NWRc even at an age 
of 33 days (Table 2). In general, the specific activities of 
5'=nucleotidase and Me '-ATPase in the plasma membrane fraction of 
arteries from NWRc decreased significantly with age, especially 
between ages 3-4 months and 5-6 months (Table 3). eee the 
activities of these enzymes did not change in SHR over this total 
period; there was a small, temporary reduction in activities at 3-4 


months. No significant decreases in enzyme activities of endoplasmic 
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TABLE 1 
Comparisons of body weight, blood pressure, enzyme activities, and 
calcium uptake of subcellular fractions from two normotensive strains 


of rats at age 5-6 aero 


I ee Be ee eee 








Strain 
Parameter 
NWRo NWRe 

Body weight (g) 482 eet 490 + 5.0 
Blood pressure (mm Hg) 125 es 126 +e? 20 
5'-nucleotidase 

PM? 58.4 + 3.9 58.6 + 1.4 

ER OF5es7 821 102802 gordo 
Mg*t-atTPase 

PM 361 + 16 BLL a2 3 

ER 147 an 138 + 16 
Alkaline phosphatase 

PM 1.142) 0.3 8.1 + yOs6 

ER 2.129 0.3 2.5 +3055 
Calcium uptake 

PM yee Le D5 2o 0.9 

ER 10.5 + 0.5 10.9 + 0.5 





Specific activities are expressed as mmoles phosphate released ee 
protein h-! for 5'-nucleotidase, and Mg*+-ATPase, as umoles p-nitrophenol 
released mg~1l protein h7! for alkaline phosphatase and as pmoles calcium 
taken up g™~ protein in 10 min for calcium uptake. N = 4-5 except 
the first two parameters, N= 30-40. 

PM and ER refer to the plasma membrane and endoplasmic reticulum 
enriched fractions, respectively. 
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TABLE 2 


Body weights and blood pressures of normotensive 


and hypertensive rats in different age groups. 


ge ees BOHENS 
Age 


33 days 3-4 months 5-6 months 


Body weight (g) 


NWRc S656 2.1.5 408 + 6.4 490 5255.0 


I+ 


SHR SS0S22. 2.2 43170 2012.4 *350 3 


Blood pressure (mm Hg) 


NWRc 116 


I+ 


2.0 TZ 5st eS U2 6st. 


SHR *133 


I+ 
Be 


J xf aly Ogee a )...0 *TOOe a 0 


There were 20 rats in each group. 


*Denotes significant difference from normotensive rat. 
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TABLE 3 


Specific activities of 5'-nucleotidase, Mo AT hace and alkaline 


phosphatase, and the capacity of calcium uptake in the plasma 


membrane fraction of NWRc and SHR arteries. 


93), 


SS ee ee ee ee ee ae ee ee eee 


Age 





5'-Nucleotidase 


NWRe OomLe 

SHR 73.44 
Mgt t_aTPase 

NWRec 497.8 

SHR 544.9 


Alkaline phosphatase 


NWRc 6.47 


SHR A703 


Calcium uptake 


NWRc 16.70 


SHR ude eo 


\+ 


I+ 


I+ 


te 


I+ 


I+ 


oo 


20-2 


AD te 


0.54 


0.33 


0.42 


0.63 


3-4 months 


488.4 


+490.3 


tig) 


*7 1269 


Hey 47) 


17.78 


\+ 


I+ 


I+ 


ae 


Ap 


I+ 


I+ 


I+ 


0.93 


0.50 


0.88 


5-6 months 


peso) 


*70.36 


I+ 


I+ 


\+ 


I+ 


SE age 


O29) 


O.77 





Values are expressed as in Table 1. 


*Denotes significantly different from normotensive. 


TDenotes significant differences from values at 33 days. 


N= 4. 
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reticulum occurred with age in NWRc, but in SHR, Meu tPaee activity was 
increased at 5-6 months (Table 4). Therefore, the specific activities 

of both 5'-nucleotidase and Me’ -ATPase were Significantly greater 

in the plasma membrane fraction, but only the latter enzyme was greater 
in the endoplasmic reticulum fraction of 5-6 month old SHR when compared 
with NWRc. 

In contrast to the decrease of 5'-nucleotidase and Me" ATPase 
of the plasma membrane fraction with age in NWRc but not in SHR, alkaline 
phosphatase and calcium uptake capacity increased with age in SHR more 
than in NWRe in this fraction (Table 3). However, alkaline phosphatase 
and calcium uptake of the endoplasmic reticulum fraction from both 
strains of rat increased with age (Table 4). RUReLae phosphatase 
activity was initially higher in both fractions from SHR compared to 
NWRe and the difference increased with age. Hence, the time course of 
the development of increased alkaline phosphatase activity in the two 
fractions was similar to that of increased blood pressure in SHR over 
the range studied. On the other hand, calcium uptake capacity, as 
measured under my experimental conditions, was not significantly 
greater for the plasma membrane fraction of SHR relative to NWRc until 
after hypertension has developed for several months (Table 3). 

The decrease in calcium uptake in the presence of the divalent 
cation ionophore, X-537 A, for both fractions from 5-6 months old SHR 
arteries was significantly greater than that of fractions from NWR 
arteries. This difference was not present at one month (Table 5) nor 


at 3-4 months of age (Table 7). The residual calcium uptake by 
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TABLE 4 


Specific activities of 5'-nucleotidase, Me’ -ATPase and alkaline 
phosphatase, and the capacity of calcium uptake in the endoplasmic 


reticulum fraction of NWRc and SHR arteries 


ee ee Ft St 
Age 
eee ee eee er SE 2 ek ee 
33 days Be), months 5-6 months 
ee i ee ee he et 


5'-Nucleotidase 


NWRe eS s00 8 leols6o 075 10.84 + 0.85 
SHR 12545-0188 “849190% 40154 1.010 Gt 18 42, 
Mgt_atTPase 
NWRe Se ee 1657 tases ees 15 ee Wao 
SHR Tioeiee es) 13760402 0B Xt185,1° & 15-7 


Alkaline Phosphatase 


NWRc a0 9 etn O25 PD Oye 0230 TZ URE EO LO 

SHR 2 sO vista (O21 <1 3.0107.05 02 *7+6.37 + 0.60 
Calcium uptake 

NWRc 8.66 + 0.66 oor 02356 gM Oho he hones hi Oi he) 

SHR 2 dod laa ol Bip 'y/ TLO C3 Ie UD ey O09 ute ae 
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TABLE 5 


Effect of X-537 A on, caloium uptake by subcellular 


fractions from NWRc and SHR mesenteric arteries. 


ia a ee 





‘ ’ 957, Ethanol X-537 A 
raction Control 1% 20 uM 
Plasma membrane 
33 days NWRc Oy Omer) SG? TO;45 290.25 IO. / 244 0-39 
SHR 7 208+ TGs 16.78°+ 0.62 TOTO6 10, 33 
5-6 months NWRc Aer to Su. oT T6t6? = 0.5L 9°.04"+° 0.59 
(72837490220) 
SHR #22057, 23 O77 XDD Portals, 37 OJ 254t 0.46 
Css UO tes] ) 
Endoplasmic reticulum 
33 days NWRc 9.660 250.606 G2 6625 Or 3 6.10 + 0.69 
SHR Oo ate Oa? Goa te (3.5 6,025 45 0.59 
5-6 months NWRc 10.99 + 0.56 11.40 +20.92 SOO O56 
(3.35 20.60) 
SHR WesCo tLe 2 Ieee aheveys T2025 0262 
(*4.50 + 0.56) 


a a ee Ee ae 


Values are expressed as umoles calcium taken up a protein in 10 min. 

N= 4. Figures in parentheses below the related values are the differences 
of those values from 1% of 95% ethanol in the same fractions. 

*Denotes values significantly different from those obtained under the 


same conditions for the corresponding fraction of NWR arteries. 
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subcellular fractions of arteries in the presence of ATP and X-537 A 


was not different at different ages from NWRc or SHR (Tables 5 and 7). 


Effect of hydralazine treatment 


Treatment with hydralazine for approximately 3 months did not 
affect body weight of either strain of rat, but it did decrease blood 
pressures of both SHR and NWRc; this decrease was more marked for the 
hypertensive rats (Figure 1). The blood pressure of hydralazine- 
treated SHR was slightly but significantly higher than that of age-matched 
untreated NWRc (Figure 1). | 

The specific activity of alkaline phosphatase (Figure 2) in 
the subcellular fractions of 3-4 months old SHR was significantly greater 
than that of NWRc. Treatment with hydralazine partially prevented the 
increase in the specific activity of alkaline phosphatase which occurred 
between 33 days and 3-4 months in both fractions from SHR (Figure 2, 
and Tables 3 and 4). The specific activity of alkaline phosphatase in 
the plasma membrane fraction from NWRc arteries also increased slightly 
with age (Table 3). After hydralazine treatment, this enzyme activity 
in the plasma membrane fraction from NWRc arteries at 3-4 months old 
decreased to a level not significantly different from that at 33 days 
(Figure 2, and Table 3). The specific activity of alkaline phosphatase 
in the plasma membrane and endoplasmic reticulum fractions of hydralazine- 
treated SHR did not differ from that of untreated NWRc (Figure 2). 
Similarly, the specific activity of Me’ *-ATPase and 5'-nucleotidase 


‘(Table 6) in the subcellular fractions from 3-4 months old rats did not 
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Blood pressure (mmHg) 
Body weight (g) 





FIGURE 1 Body weights and blood pressures of hydralazine-treated 
(NWRt and SHRt) and untreated 3-4 month old rats.%* 
*All of the SHR and SHRt values are significantly different 
from those of both NWR and NWRt. 


*Denotes significance from untreated rat of the same strain. 


N= 4. 
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FIGURE 2 Specific activity of alkaline phosphatase in subcellular 
fractions of hydralazine treated (NWRt and SHRt) and untreated 
rats. 

*Denotes significance from untreated rat of the same strain. 
*Denotes significance from both NWR and NWRt. 
tDenotes significance from NWRt. 
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TABLE 6 


Specific activities of 5'-nucleotidase and Me! t-aTPase in subcellular 


fractions from hydralazine treated (NWRt and SHRt) and untreated 


3-4 month old rats. 











Fraction 
Enzyme and 
Type of Rat 
Plasma membrane Endoplasmic reticulum 
5'-Nucleotidase 
NWR 66°78" Ss" 2469 iWieOlet 0.75 
NWRt On. 00m 95.30 ied) 20 eOU 
SHR ; OAs Ons 712271: LOS 92 e024 
SHRt penOG. 00a 247, G2 10743 2250 363 
Mg’ -ATPase 
NWR | 488.4 + 16.6 235.245. 255..15 
NWRt A839 ©t 12.6 aS 8S Site? so 
SHR 49253" 2 16.7 137 9 OO 
SHRt 488.0 +4 15.7 134.0) J24.7 23 





Values are expressed as in Table 1, N = 4. 
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differ significantly among the four groups (Table 6); this was expected 
because none of these activities had changed in 3-4 months old rats with 
hypertension compared to the values at 33 days (Tables 3 and 4). No 
significant increase in calcium uptake was found in the plasma membrane 
or endoplasmic reticulum fractions of arteries from untreated 3-4 months 
old SHR as compared to that of untreated NWRc (Tables 2 and 3). 
Hydralazine treatment of NWRc and SHR also did not result in a signifi- 
cant change in calcium uptake by the subcellular fractions in either 
group (Table 7). ATP-dependent calcium uptake by the subcellular 
fractions from both NWRc or SHR arteries was decreased similarly by the 
presence of X-537 A (Table 7). Again, there was no significant 
difference between values for fractions from untreated NWRc and SHR as 


compared to similar fractions from hydralazine-treated animals (Table 7). 
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TABLE 7 
Effect of X-537 A on calcium uptake by subcellular fractions from 


hydralazine-treated (NWRt and SHRt) and untreated 3-4 month old rats. 


X-537 A Inhibition of 
Control calcium uptake 
(20 uM) by X-537 A 


EVENS PRES L.Gbie 1). ~. THIS 


Plasma membrane 


NWR Lb Sets 200 1ORWi6 to 1240 6209 thel . 20 
NWRt LEZ: + (0.292 Ldy OOF Sets. 1:0 6. 23.e+e1.10 
SHR Ler oiea 0266 LOSS GR 220784 sO dea S65 
SHRt LEeOSS! 10267, EES ae O47 2 G309=2..0-70 


Endoplasmic reticulum 


NWR 102/65." 0.76 Eo 


IG 3783 90.50 
NWRt | 10.43 + 0.83 65 ae05 Gio es80-95 
SHR 11.69 + 0.69 7.40 + 0.95 4¢29med0.75 
SHRt 10.47 + 0.80 6.80 + 0.75 3869240 0x7 
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D. Discussion 

The significant increases in the specific activities of 
enzymes and in the capacity of active calcium uptake of subcellular 
fractions from 5-6 months old SHR arteries as compared to those from 
NWRe confirm the results in which a different strain of control animal 
was used (see Chapter III). Both calcium uptake and enzyme activities 
were the same in these two strains of normotensive rats (Table 1). This 
Suggests that the differences observed between SHR and the normotensive 
rats may be related to hypertension rather than to differences in the 
animal strains. Furthermore, there were only eeliene changes in these 
parameters, with the exception of alkaline phosphatase, in 33 days and 
3-4 months old SHR when compared to NWRc of the same age. The 33 days 
SHR were pre-hypertensive by my definition (blood pressure< 150 m Hg), 
although their blood pressures were Pregit eerie elevated compared to 
NWRc, whereas 3-4 months old SHR were clearly hypertensive. Therefore, 
the appearance of these changes, except for that in alkaline phosphatase, 
followed the appearance of hypertension and may be a consequence of it. 
Since 5'-nucleotidase and Mg’ t-ATPase were also increased in rats made 
hypertensive by salt treatment (Oka and Angrist, 1965; 1967), these changes 
may result from hypertension, regardless of its etiology. The time course 
of elevation of alkaline phosphatase activity with age differed from that 
of other enzymes and calcium uptake. The activities of other enzymes 
failed to decrease with age in SHR as they did in NWRe while alkaline phos- 


phatase activities were already inereased in SHR compared to NWRc at 33 days, 
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and continued to increase with age. The uptake of calcium also increased 
with age in SHR but did not change in NWRc, however, this increase 
became significant only at 5-6 months. 

The studies on hydralazine-treated NWRc and SHR were designed 
to resolve further the relationship between hypertension and these 
alterations. The mean systolic blood pressures of all untreated rats. 
of the hypertensive strain at 3-4 months of age was over 150 mm Hg. 
However, at that age the specific activities of 5'=nucleotidase, 

Me’ -ATPase, and the amount of calcium uptake (and ionophore decreased 
calcium uptake) in the subcellular fractions from SHR arteries were 

not significantly greater than those of NWRc. Only the specific 
activity of alkaline phosphatase in the plasma membrane and endoplasmic 
reticulum fractions of SHR arteries was significantly greater than 

that of NWR. Treatment with hydralazine abet heey the blood pressures 
of SHR and NWRc, and the former was decreased much more than the latter. 
Similar results have been reported by another group (Sen et al., 1974). 
Such treatment did not significantly change the specific activities of 
5'-nucleotidase, Mg’ '-ATPase and the capacity of calcium uptake by the 
subcellular fractions of either from SHR or NWR arteries as compared 

to untreated rats. There was also no change relative to 33 day old 
animals. This suggests that the treatment had no permanent non-specific 
effect on the enzymatic activities or calcium uptake parameters studied. 
However, the treatment did prevent the increase in the specific 
activity of alkaline phosphatase in the subcellular fractions of 
hypertensive rat arteries. This was correlated with the prevention of 


the increase in blood pressure in both groups. 
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From this study it is clear that an increase in the specific 
activity of alkaline phosphatase of membranes from small blood vessels 
is closely associated with the increase in blood pressure, and may be 
related to the originating cause of hypertension. However, all the 
other changes I have observed in membranes from hypertensive blood 
vessels do appear to be secondary to increased blood pressure. The 
changes I have observed with respect to alkaline phosphatase activity 
are not unique; other enzyme activities or other biochemical parameters 
may show a similar relationship to hypertension. For example, abnormali- 
ties in patterns of acid phosphatase isozymes are reported in SHR liver 
after seven days of age but not in the fetus liver (Park, 1975). 

Histochemical studies on rat arteries have demonstrated that 
the AMPase (5'-nucleotidase) activity is increased in the earliest 
stage of renal and salt hypertension (Oka and Angrist, 1965; 1967). 

On the other hand, Ichijima (1969) found the activity of this enzyme 
unchanged in one month old SHR, but increased in 4-6 months or older 
SHR. The alterations observed on hypertensive rats were compared to 
the results of age-matched normotensive ones. The reason for such a 
difference is not known, but this difference may be related to a 
difference in pathogenesis between renal or salt hypertension and SHR. 
My results confirm those of Ichijima on SHR. 

Ooshima (1973) has reported a positive correlation between 
blood pressure and alkaline phosphatase activity in homogenates of the 
vascular system of SHR as compared to similar ages of normotensive rats. 
The blood pressure increase which occurs with age was diminished in 


hydralazine-treated SHR, and the parallel increase in alkaline 
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phosphatase activity was similarly prevented. Therefore, my results 
further extend Ooshima's observation. In addition, a significant 
increase in the specific activity of alkaline phosphatase was found 
in the youngest SHR which I studied. 

Little is known about the physiological function of alkaline 
phosphatase (Fernley, 1971). However, it would be of ‘considerable 
interest to know if the phosphatase that [ studied in SHR membranes 
has protein phosphatase activity. There is increasing evidence that 
phosphoproteins may play a key role in regulating ca’? transport and 
ATPase activity as well as membrane permeability (Rubin and Rosen, 1975; 
Tada et al, 1975), and it is known that some alkaline phosphatases 
have protein phosphatase activity (Lee and Nickol, 1974). Furthermore, 
Sirica and coworkers (1975) have considered the possibility that 
decreased Mg’ "-ATPase and 5'-nucleotidase, and increased alkaline 
phosphatase activities of regenerating liver plasma membrane may be 
eee dP ea Gath specific membrane transport abnormalities. 

Early alterations in vascular permeability have been reported 
(Byrom, 1969; Giese, 1966). Of particular interest is a report by 
Shibata and coworkers (1973) demonstrating that increased responsiveness 
to strontium, lanthanum and manganese is present in the vascular smooth 
muscle of SHR before the onset of hypertension. In addition, Hansen and 
Bohr (1975) have shown that the increased responsiveness of femoral 
arteries from hypertensive SHR to strontium and lanthanum is not caused 
by hypertension via increased wall stress nor is it caused by increased 


wall thickness. They also found that high concentrations of calcium did 
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not depress the response of the femoral artery from SHR, unlike that 
from normotensive rats. A somewhat analogous response has been reported 
for aortic smooth muscle from SHR (Field et al, 1972). 

Lais and Brody (1975) found that perfused hindquarters of SHR 
were supersensitive to norepinephrine but not to barium nor angiotensin, 
and concluded that SHR hypersensitivity is specific. In contrast, the 
studies cited above as well as those of Haeusler and Finch (1972) on 
perfused mesenteric artery from SHR indicate that there is a somewhat 
non-specific supersensitivity in at least some vasculature of SHR. 

It is this type of reactivity change that might be caused by a 
derangement of calcium metabolism. In my previous study (see Chapter 
III) TI found that maximum ATP-independent calcium uptake in the presence 
of 1 mM calcium by the plasma membrane fraction from SHR arteries was 
significantly lower than that of NWR arteries. Furthermore, Hansen 

and Bohr (1975) have suggested that a decreased number of calcium binding 
sites in the plasma membrane of SHR may cause the increased excitability 
associated with hypertension of SHR. Therefore, in the light of their 
results, it will be of great interest to determine if the previously 
reported alteration in passive calcium uptake (see Chapter III) is 
present in pre-hypertensive SHR. 

Clearly, the present investigation does not exclude the 
possibility that a primary change in calcium regulation is responsible 
for the alterations of reactivity observed in the SHR mesenteric artery. 
It may be that a derangement in calcium regulation exists but is not 


detected by the techniques employed. In addition to alterations in 
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passive uptake, there may be changes in the rate of calcium uptake or 
release by membranes of SHR; this was not studied presently but further 
work will determine if such changes occur and if they can be correlated 


with alterations in phosphatase metabolism and with the time course of 


the development of hypertension. 
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Ee Summary 


Spontaneously hypertensive rats (SHR) and two strains of 
normotensive rats were compared with respect to enzymatic activities and 
calcium uptake of plasma membrane- and endoplasmic reticulum-enriched 
fractions from their mesenteric arteries. Increased specific activities 
of alkaline phosphatase, 5'-nucleotidase and Me’ '-ATPase, and increased 
ATP-dependent calcium uptake was found in 5-6 month old SHR as compared 
to both strains of age-matched normotensive rats. Alkaline phosphatase 
was increased in 33 day old "pre-hypertensive" and 3-4 month old SHR, 
but 5'-nucleotidase, Me*t-aTPase and calcium uptake were not. Hydralazine 
treatment of young SHR partially prevented the increase of both alkaline 
phosphatase activity and blood pressure that develops with age. The 
relationship between alkaline phosphatase activity and the alterations 
in vascular reactivity associated with hypertension remains to be 


determined. 
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CHAPTER VI 


CALCIUM UPTAKE AND ENZYMATIC ACTIVITIES 
OF SUBCELLULAR FRACTIONS FROM AORTAE AND VENTRICLES 


OF SPONTANEOUSLY HYPERTENSIVE RATS 
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CHAPTER VI; CALCIUM UPTAKE AND ENZYMATIC ACTIVITIES OF SUBCELLULAR 


FRACTIONS FROM AORTAE AND VENTRICLES OF SPONTANEOUSLY HYPERTENSIVE RATS 


A. Introduction 


Many changes have been reported in the reactivity of vascular 
smooth muscle in hypertensive animals and man, but little information 
is available concerning the possible underlying biochemical mechanisms 
(Folkow, 1971; Pickering, 1968; Somlyo and Somlyo, 1970). Since intra- 
cellular calcium activity is an important determinant of smooth muscle 
contractile state, an alteration in calcium regulation is a plausible 
cause of supersensitivity to excitatory agents of strips of arteries 
from hypertensive animals (Hinke, 1966; Field et aio) 2s. ssOmLyo 
and Somlyo, 1970). Indeed it has been suggested that increased 
Pe cieivity to potassium and noradrenaline, and decreased rate of 
relaxation of aorta from 6-month-old spontaneously hypertensive rats 
(SHR) may be due to decreased calcium extrusion by the cell membrane 
Rereldict al, 19/2). In the present investigation this hypothesis was 
tested by isolating subcellular fractions from these aortae and studying 
their calcium transporting properties. Although the aorta is not a 
resistance vessel, there is some evidence that similar changes in ionic 
composition and weight occur in both large and small vessels of hyper- 
tensive animals (Jones, 1973; Somlyo and Somlyo, 1970) and alterations 
in contractile reactivity have been reported for both mesenteric 
(Haeusler and Haefely, 1970; 1972) and femoral artery (Holloway and 
Bohr, 19/73) as well.as aorta (Field et al., 19723 Shibata et 41.5°1973) 
from SHR. 

Cardiac muscle of SHR also exhibits several changes in 


contractile activity and morphology associated with the development of 
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hypertension (Farmer et al., 1974; Fujiwara et al., 1972) and sarco- 
plasmic reticulum from hypertrophied hearts have been reported to 
exhibit decreased calcium binding (Schwartz et al., 1973). Furthermore, 
Shibata and Bn Acordes (Fujiwara et al., 1972; Shibata et al., 1973) 
have suggested that alterations of contractile responses of both heart 
and aorta of SHR are due to inherent differences in the musculature 
rather than to secondary changes caused by hypertension. Therefore, the 
calcium uptake characteristics of subcellular fractions from hearts of 


SHR and normotensive rats were also compared. 
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B. Methods and Materials 


Animals and Tissue Preparations 


Male spontaneously hypertensive Wistar rats of the Okamoto 
and Aoki strain (Okamoto and Aoki, 1963) and Wistar normotensive rats 
were 5-6 months of age and received a standard diet and tap water. 
Systolic blood pressure was recorded from the tail of pre-warmed, 
unanesthetized rats by tail plethysmograph using an electrosphygmo- 
manometer and a Physiograph Four-A (E and M Instrument Co., Houston). 
Animals were killed by a blow on the head and their beating hearts and 
aortae were rapidly removed and placed in ice-cold 8% sucrose, 40 mM 
histidine buffer at pH 7.0 (the pH was adjusted with HCl; this buffer 
was used for all procedures unless otherwise stated), Ventricles 
were freed of blood clots and atrial tissue and sliced into 1-3 mm 
sections with scissors; these slices were washed several times with 
buffer to remove blood. All operations were carried out at 4°C unless 
otherwise stated. 

The methods used for the isolation of plasma membrane enriched 
fractions are similar to those previously developed in this laboratory 
for isolating these fractions from rat heart and myometrium (Kidwai et 
al., 197la; Kidwai et al., 1971b). Ventricle slices (3g) were 
homogenized in 6 volumes of buffer using a Polytron PT20 (Kinematic 
Gmbh) for 5 s (repeated once) at 15,000 rpm. The homogenate was centri- 
fuged at 1,000 X g (Av) for 10 min to remove whole cells, nuclei, 
connective tissue and contractile elements; this step yields the 
1,000 X g supernatant which was the starting material for both the 
mitochondrial and density gradient fractions. Mitochondria were 


prepared from ventricles by centrifuging the above supernatant for 
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10 min at 10,000 X g (Av) to yield the crude mitochondrial pellet and 
the 10,000 X g supernatant. The pellet was gently homogenized in 
Sucrose-histidine buffer and centrifuged at 1,000 xX g (Av) for 10 min. 
The supernatant was centrifuged at 10,000 x g (Av) for 10 min and the 
pellet was washed and resuspended in buffer; this centrifugation was 
repeated and the final pellet was resuspended in buffer to yield a 
uniform suspension containing 0.4-1 mg protein/ml. Teflon-glass homo- 
genizers were used for suspending all pellets. 

The supernatant from the first 10,000 x g centrifugation was 
spun at 113,000 X g (Av) for 30 min to yield a crude microsomal fraction 
which was suspended in 3 ml of 8% sucrose-40 mM histidine buffer and 
carefully laid on a sucrose gradient containing (from bottom to top), 

4 ml of 45.0% sucrose and 3 ml each of 33.0% and 28.0% sucrose. The 
sucrose concentrations were measured with a refractometer. After 
centrifugation at 112,000 X g (Av) for 120 min., protein bands were 
carefully removed from the gradient tube using Pasteur pipettes. These 
bands were diluted with buffer and deionized distilled water to yield a 
final sucrose concentration of 8%. The suspension was centrifuged at 
102,000 X g (Av) for 30 min to yield the final pellets which were used 
to prepare uniform suspensions of 0.2-1 mg protein/ml. Cardiac sarco- 
plasmic reticulum was prepared by homogenizing ventricle muscle in 10 m™ 
sodium bicarbonate, 5 mM sodium azide buffer as described by Entman and 
co-workers (Entman et al., 1973), except that the final pellet was 
suspended in sucrose-histidine buffer. The method includes an 
extraction with 0.6 M°KEl. 

A plasma membrane enriched fraction from aorta was isolated 


by a procedure similar to that used above for isolating this fraction 
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from ventricle. Aorta from twelve rats were cleaned of loosely bound 
fat and connective tissue and homogenized (1.2-1.4 g of tissue) in 

25 ml b FeGlorodebatiedawié buffer for 10 s (twice) at 15,000 rpm using 

a Polytron PT 20. The remainder of the peseederaecidénading the sucrose 
gradient used) was the same as described above for ventricle fractions 
except that the last 10,000 X g/10 min centrifugation was omitted. 
Attempts to obtain mitochondria by the procedure used for ventricle 


did not result in a significant yield of protein. 


Enzymatic Determinations and Electron Microscopy 


Phosphodiesterase I (Touster et al., 1970), 5'-nucleotidase, 
cytochrome c oxidase, phosphate and protein were determined as previous- 
ly described (Kidwai et al., 1971b). Ouabain-sensitive, Kt-stimulated 
phosphatase was assayed (Kidwai et al., 1971b) using pH 7.4 and 1 m™ 
ouabain. ATPases were determined under the same conditions as calcium 
accumulation in the presence of 1 uM free calcium (including the same 
EGTA concentration) excepentnae calcium was omitted in measuring 


ieee ATPase. This resulted in a free Ga! concentration of less than 


Mg 
0.01 uM. Ca’* - ATPase is (Gare a Mg'*)-ATPase minus Met? - ATPase. 

Pellets were fixed in 2.5% glutaraldehyde in phosphate buffer 
(pH 7.1), post-fixed in OsO, and embedded in epon. Sections were 


stained with uranyl acetate and lead citrate, and photographed on a 


JEM 7A electron microscope. 


Measurement of Calcium Uptake 


Calcium uptake was measured by the millipore filtration 
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technique (Martonosi and Feretos, 1964) using’ *°Ca and liquid scintill- 
ation counting. The reaction mixture contained: 100 mM KCl, 5 mM MgCl., 
O.1 mM CaCly5, labelled with 0.4 wCi/ml +°Ca, 40 mM imidazole (to buffer 
the solution to pH 7.0, and 10-50 ug of protein per final ml of 

reaction mixture (depending on the fraction used and other additions to 
the reaction mixture). Where indicated in the text, 5 mM disodium ATP 
sodium azide or potassium oxalate were added. Variable amounts of EGTA 
were added to obtain calcium concentrations less than 17 uM. Calculation 
of the amount of EGTA to be added was according to the equations (Katz 
et al., 1970) and association constants (Godt, 1974) previously publish- 
ed. Calcium uptake was always studied simultaneously on freshly prepar- 
ed fractions from both types of bat. » Prior tosuse, all filters (25 mm, 
pore size: 0.45 microns; Matheson-Higgins Co. Inc.) were washed with 
10 ml of 100 mM KCl solution followed by 10 ml of sucrose-imidazole 

(pH 7.0); this procedure resulted in low background counts. The 
reaction was started by adding protein to the reaction mixture (which 
had been preincubated for 5 min at 37°C), and stopped by filtration; 
this was followed by a wash with 10 ml of 8% sucrose-40 mM imidazole. 
The reaction time was 10 min unless otherwise indicated. At this time, 
calcium uptake was either increasing or at a plateau level. Filters 
were dissolved in 10 ml of Bray's solution (Bray, 1960) and counted 


to at least 2% accuracy. 


Materials 


Solutions were prepared from distilled deionized water and 
analytical grade reagents. Organic compounds were the highest purity 


available from Sigma; *°CaCl, was obtained from Amersham-Searle. 
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Dr. R. Hamill of Eli Lilly and Dr. J. Berger of Hoffman-LaRoche 
generously supplied A23187 and X-537A, respectively. These calcium 
ionophores were dissolved in ethanol and added to the 1 ml reaction 


mixture in a volume of 10 ul. 


Data Analysis 


Values were compared by the Student's t-test and differences 
with P values of 0.05 or less were considered significant. Standard 
errors of ane means are bracketed in the figures except where the 
standard error is less than the symbol size, or where omitted for 


elarity. 
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C. Results 


Enzymatic Determinations and Electron Microscopy 


The mean systolic blood pressure of the spontaneously hyper- 
tensive rats used in this study was 190 + 7.0 mm Hg (N = 36) vs. 
125 + 5.5 mm Hg for normal Wistar rats (N = 36). The enzymatic 
activities of the fractions from rat ventricles are shown in Table l. 
The fractions designated plasma membrane were the lightest fractions 
from the gradient (at the 8%/28% interface) and exhibited the highest 
specific activity of plasma membrane marker enzymes (5'-nucleotidase; 
ouabain-sensitive, Kt-stimulated phosphatase and phosphodiesterase I). 
They had the lowest specific activity of cytochrome c oxidase; this 
was only 3.6% of the specific activity of oxidase in the mitochondrial- 
rich band at the 33%/45% interface obtained in 6 experiments omitting 
the first 10,000 x g centrifugation of the preparation. Subfractionation 
of the band at the 8%/28% interface using a gradient of 22% to 28% bands 
of sucrose did not yield any fractions of significantly higher specific 
activity of plasma membrane marker enzymes than that from the original. 
Electron micrographs of the plasma membrane fraction were essentially 
the same as those previously published (Kidwai et al., 197la) for this 
fraction isolated by a similar procedure, and revealed the presence 
of membrane vesicles but no mitochondria or rough endoplasmic reticulum. 

All denser fractions (e.g. 28%/33%) which exhibited lower 
activity of 5'-nucleotidase and a ee Kt-stimulated 
phosphatase were contaminated with broken mitochondria. Cardiac sarco- 
plasmic reticulum enriched membrane was, therefore, prepared by 


differential centrifugation only (Entman et al., 1973). This fraction, 
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designated sarcoplasmic reticulum in Table 1 contained relatively low 
plasma membrane contamination (compared with all gradient fractions 
which, like this material, were low in mitochondrial contamination). 

The fraction designated mitochondrial in Table 1 was isolated 
by differential centrifugation and exhibited even lower specific 
activities of plasma membrane enzymes than did the sarcoplasmic 
reticulum fraction (Table 1). The only significant differences between 
the enzyme activities of fractions from normotensive and hypertensive 
rats was the greater ouabain-sensitive, Kt-stimulated phosphatase 
(Table 1) of the hypertensive plasma membrane fraction. 

The lightest protein band (8%/28% interface) from the sucrose 
gradient of aortae was found to exhibit the highest specific activity 
of plasma membrane marker enzymes (Table 2). This fraction was 
designated plasma membrane. The protein band from the 28%/33% sucrose 
interface contained less plasma membrane than the 8%/28% interface 
fraction (Table 2). It was designated endoplasmic reticulum (ER) since 
relative to the lighter fraction it was enriched in this membrane. 
There was a 2.8-fold (range from 1.7 to 4.2, n = 6) increase in ATP- 
dependent calcium uptake in the presence of oxalate during a 10 min 
incubation period in this fraction, but no significant increase was 
obtained in the fraction designated as plasma membrane under the same 
conditions. This “oxalate effect" is characteristic of the endoplasmic 
reticulum, and helps differentiate the two fractions on this parameter 
in vascular smooth muscle. Electron micrographs of these fractions 
were essentially aie same as those published for the corresponding 
fractions from myometrium (Kidwai et al., 1971b) except that pieces 


of collagen were occasionally seen in the aorta fractions. 
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TABLE 1 


Enzymatic Activities of Fractions from Rat Ventricles 


pos eS RA hs ae ee ee Ey, A ee | et a a ee 
FRACTION 
(Origin from Gradient or Otherwise) 
ENZYME AND oe wee Seems ed 
TYPE OF RAT Plasma Sarcoplasmic Mito- 
1000 X g Membrane Reticulum chondria 
Supernatant (8%/282Z) (Centrifugation) (Centrifugation) 


re 


5'-Nucleotidase 


Normotensive 1.49+0.29 19.5 #15497 oot . 20 3.50+0.91 
(4) (9) (4) (5) 
Hypertensive P5260 <26 L9G Fh 82 4.4+0.87 21920587 
(4) (7) (4) (6) 
Phosphodiesterase I 
Normotensive 0.46+0.04 Salen mealies: 2440.4 016740 .07 
. (5) (7) (5) (4) 
Hypertensive 0.42+0.05 4.9 40.5 Dis JAE ONS: 0.53+0.08 
(5) (7) (5) (5) 


Ouabain-sensitive, 


5 
K -stimulated phosphatase 


Normotensive 0.16+0.13 2.01+0735 0.80+0.15 0.10+0.16 
(8) (8) (7) (5) 
Hypertensive Q..17+0,10 X27 520% 2) oe 1L3#05.L0 0.15+0.04 
(8) (8) i) (4) 
Mg*'-ATPase 
Normotensive 36.0. 23.20 283247 OL Wy cOr tcc - 
(7) (7) (7) 
Hypertensive S2.2 22.6 294+6.4 Wao 24.3 = 
(7) (7) (7) 
Catt_aTPase 
Normotensive 3.940. 3 36; Vez 952 1066 - 
(7) (7) (7) 
Hypertensive ; a let07 2 344 Spee. ‘ieee 04) - 
(7) (7) (7) 


——————————eeeeeeox—ooeee eee 


Specific activities are expressed as umoles phosphate released 
per mg protein per hour for 5'-nucleotidase, Mett-aTPase and Ca‘''-ATPase, 
and as umoles p-nitrophenol released per mg protein per hour for phospho- 
diesterase I and ouabain-sensitive K'-stimulated phosphatase. Numbers 
in parentheses are the number of independent preparations tested. 

*Significantly different from normotensive value. 
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TABLE 2 


Enzymatic Activities of Fractions from Rat Aortae 


ee eee, See ee, eee ee 





FRACTION 
(Origin from Gradient) 
ENZYME AND 
TYPE OF RAT Plasma Endoplasmic 
1000 KX g Membrane Reticulum 
Supernatant (8%/28%) (28%/332) 
(Interface) (Interface) 
5'-Nucleotidase 
Normotensive Al. 10 BO Sat 9 20S8EA3 Fe 
(6) (12) (10) 
Hypertensive LIS TPSMIE 4 wsOU: Ws 29 BEEZ 0 
(6) (12) (8) 
Phosphodiesterase I 
Normotensive 0.50+ 0.04 2EBTs “OF 1328250851 
(5) (5) (3) 
Hypertensive 0.48+ 0.11 *3. 962 030 POI OLS 
(5) (5) (5) 
Ouabain-sensitive, 
= os | a a Ca ae 
K'-stimulated phosphatase 
Normotensive 0.13+ 0.06 129077 027 OL492- 0541 
(6) (6) (6) 
Hypertensive 0.18+ 0.05 Pe7 62. 0218 0.55+ 0.13 
(6) (6) (6) 
Mg’ '-ATPase 
Normotensive 106.3 +10.2 633 Ta 5 526 bl ba 
3 (6) (6) (6) 
Hypertensive 92.42. 6.0 39s 120.4 Soa 1225.0 
(6) (6) (6) 





Values are expressed as in Table l. 


*Significantly different from normotensive. 
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&.& + 8.08 P.& +S. OF Ose ft 24 
(Ox) (84) (a) 5 1a 
O.S + Fes tie+ deee. Pek £ Bae  ovizasareqyl” 
(8) mes ="  @ 2 ahha 
| ) . sestetastbordges 
= 4 2 ie . 
2,0 486.1 V1.0 +28. Soyo 20810 9208 
(2) (e)  & 
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The yield of protein in the 1,000 X g supernatant from 12 rat 
aortae (1.2-1.4 g tissue) was 10,5¢+31.7 and 10.7 + 1.8 mg (N = 8 each) 
for normotensive and hypertensive rats, respectively. The plasma 
membrane and ER fractions contained only 2.7% and 1.4% respectively of 
this protein. The protein yield of these fractions could be doubled 
by increasing the homogenization time to 40 s, but this resulted in a 
marked decrease in the specific activity of plasma membrane marker 
enzymes. Although the yield of these fractions was the same for both 
hypertensive and normotensive rats, the specific activities of their 
enzymes differed greatly (Table 2). Phosphodiesterase I and 
5'-nucleotidase activities were increased in the plasma membrane 
fraction from hypertensive rats while Me*t-aTPase and ouabain-sensitive, 
K-stimulated phosphatase activities were similar to those from normo- 
tensive rats. No significant Ca’ '-ATPase activity (in the presence of 
1 uM or 17 uM free calcium) was detected in these fractions; the very 
high Mg't-ATPase activity would tend to mask any reasonable amount of 


eae-ATPase. ~ 


Calcium Uptake Studies 


Calcium uptake was increased in all ventricle fractions by 
the addition of ATP to the reaction mixture but there was no difference 
between hypertensive and normotensive membranes in this regard (Table ae 
Plasma membrane and sarcoplasmic reticulum fractions exhibited a large 
increase in calcium uptake in the presence of oxalate but no 
inhibition by azide, while uptake by mitochondria were affected by 
azide but not oxalate. Subfractionation of the plasma membrane 


preparations using a gradient of 22% to 28% sucrose did not result in 
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TABLE 3 


Calcium Uptake by Fractions from Rat Ventricles 


a 





FRACTION 
ADDITION TO 
REACTION MIXTURE 
AND TYPE OF RAT : Plasma Sarcoplasmic Mito- 
Membrane Reticulum chondrial 
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Values are expressed as umoles oe taken up g- 
incubation of 10 minutes at 37°C. The reaction mixture contained 
T984MAtBee Cae Yes «nit MgCl,, 100 mM KC1 and 40 mM imidazole at pH 7.0. 
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any fraction which exhibited increased plasma membrane marker enzyme 
activity and decreased oxalate stimulation, suggesting that ATP-depend- 
ent calcium transport is a property of rat ventricle plasma membrane. 
However, the lack of an unequivocal marker enzyme for cardiac sarco- 
plasmic reticulum makes it impossible to estimate the contribution by 
this membrane to the calcium uptake of this fraction. 

A study of the dependence of calcium uptake on the calcium 
concentration (Fig. 1) also failed to reveal a difference between the 
hypertensive and normotensive heart fractions. Other fractions from 
the sucrose gradient (at the 28% and 33% interface and within the 33% 
sucrose band) which were believed to be a mixture of plasma membrane 
and sarcoplasmic reticulum, also exhibited no difference between 
hypertensive and control fractions (not shown). Similarly there was 
no apparent difference between these fractions in the rate of calcium 
uptake as estimated with a 30 s incubation time; for example, the 
‘hypertensive plasma membrane fraction bound 2.5 + 1.3 umoles/g 
while the normotensive 3.6 + 1.1 umoles calcium/g protein (N = 5 for 
each). 

In contrast to heart fractions, aortic preparations showed a 
decreased calcium uptake by the plasma membrane enriched fraction: 
from spontaneously hypertensive compared to that from normotensive rats 
(Table 4, Fig. 2). The lack of inhibition, by azide indicates that this 
calcium uptake is not attributable to mitochondria (Table 4). No 
significant increase in calcium uptake was found in the presence of 
oxalate. However, the divalent ion ionophores, A23187 and X-537A 
markedly inhibited calcium uptake (Table 5). A study of the dependence 


of calcium uptake on free calcium concentration demonstrates that the 
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Effect of calcium concentration on calcium uptake by 
fractions from ventricles of normotensive (open symbols) 

and spontanéously hypertensive rats (closed symbols): 

(a) Circles, plasma membrane-enriched; Squares, sarcoplasmic 
reticulum; (b) triangles, mitochondrial; N = 5-6. Calcium 
uptake was measured at the end of 10 min. after incubation 


in the Presence of 5 mM ATP. 
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TABLE 4 


Calcium Uptake by Fractions from Rat Aortae 





FRACTION 
ADDITION TO 
REACTION MIXTURE 
AND TYPE OF RAT 1000 K g Plasma Endoplasmic 
Supernatant Membrane Reticulum 
None 
Normotensive 244052 0.23 2400270. 30 egos a8 (Ble ais) 
Hypertensive ZeOGe a0. 1:2 iO hehe Ur O:/ 2. 30 Bt e040 
5 mM ATP 
Normotensive 4.20.+ 0.45 T6e Zi bee 14 dee oe. 00 
Hypertensive 392 AL O She3 6 en0 739 1176 35-0, 95 
5 mM ATP plus 
5 mM azide 
Normotensive 3.09.2 0.30 Gee ee Old 4 L6n4 2.93.00 
Hypertensive Srila OSOs me lived OFt FLA L2e5e -2ebA40 


Values are expressed as in Table 3, and the reaction mixture is the 
same. 
*Significantly different from normotensive. 


N = 4, except for addition of ATP only, where N = 8. 
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FIGURE 2. Time course of calcium uptake by plasma membrane-enriched 
fractions from aortae of normotensive (open circles) and 
spontaneously hypertensive rats (closed circles) in the 
presence of 5 mM ATP. Calcium uptake in the absence of 
ATP for this fraction from normotensive rats is also 
shown (x). The ATP-independent values for hypertensive 
rats (not shown) were not significantly different from 


those for normotensive rats CN = 4). 












VSL 
7 
se . 
OS Oe: ! ae he 
: + oe | 
(nim) smit ca 
barotins-onsidusm smeslg yd sistqu muioiso to sexueo omit | 578 


bas Reetent> naqo) oviens2 cmon to ssd10s mort Gaatzoax2 | 


gd3 ot tiaras bsa0is) 2ads% svianssiaqya Aeneematiah, ra B: = \ 


s afd ok stiaeiie A nen 2 te 9 sonar : he Prd, 


saleniget ee a a senha 


Bits 











a ' 


T28% 


TABLE 5 


Effect of Ionophores on Calcium Uptake by 


Fractions from Rat Aortae 





950% 
Fraction and Ethanol X537A VAZ3L87 
Type of Rat 
Control 1% 20 uM 10 uM 

Plasma Membrane 

Normotensive 16.95+0.96 EOwL be 4.7720 .34 ASO5SLO.7 2 

Hypertensive 11.8040 .92 1LE6320 790 4.58+0.31 4.50+0.29 
Endoplasmic Reticulum 

Normotensive 14, 2320361 P2932 534 S682 02 / 3.4520 .53. 

Hypertensive 11.09+0.64 123452123 355820722 42 5820.47 


Values are expressed as in Table 3, and the reaction mixture is the 


Same except that ethanol, or ionophores dissolved in ethanol, are 


added where indicated. 
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significant differences between hypertensive and normotensive fractions 


persisted at 1 uM free calcium (Fig. 3). 
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FIGURE 3. 
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f.moles Calcium /g protein 
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Calcium Concentration ( uM ) 


Effect of calcium concentration on calcium uptake by plasma 
membrane-enriched fractions (circles), endoplasmic 
reticulum-enriched fractions (squares), and the 1,000 x g 
supernatant (triangles) from aortae of normotensive (open 
symbols) and spontaneously hypertensive rats (closed 
symbols). Calcium uptake was measured at the end of 10 min. 
af pee incubation in the presence of 5 mM ATP. Asterisk 
indicates a significant difference from normotensive 

values (N = 5-8, except plasma membrane fraction at 17 uM 


free calcium, where N = 20). 
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D. Discussion 

Enzymological and histochemical studies of arterioles, 
arteries and aortae of hypertensive animals report increased AMPase 
(Ichijima, 1969; Oka and Angrist, 1965) and increased alkaline 
phosphatase activities (Gardner and Laing, 1965; Ooshima, 1973). 
Therefore, the increased 5'-nucleotidase activities observed in the 
present study (Table 2) of plasma membrane enriched fractions from SHR 
aortae were to be expected. It is interesting to note that similar 
increases in these enzymes were not seen in subcellular fractions from 
SHR heart (Table 1), but were obtained in membrane fractions from 
mesenteric arteries (see Chapter III). The problem of interpreting 
results in studies of this type without knowing which strain of rat 
is the best control has been previously discussed (Lais et al., 1974), 
however, the similarity between my results and those of other workers 
(cited above) using different normotensive strains as well as different 
methodology suggest that the increased specific activities of phospho- 
diesterase I as well as 5'-nucleotidase, represent real abnormalities 
associated with hypertension. I have found ten differences 
in the hypertensive arteries from those of two other normotensive 
strains (see Chapter V ). The co-purification of these plasma 
membrane marker enzymes (DePierre, 1973) with ouabain-sensitive 
K’-phosphatase (Table 2) suggests that the increases in AMPase 
activities observed in histological studies (Ichijima, 1969; Oka and 
Angrist, 1965) are localized, in part, at the plasma membrane. However, 
the lack of a proven marker enzyme for endoplasmic reticulum of vascular 
smooth muscle makes it impossible to estimate the amount of these intra- 


cellular membranes in the plasma membrane enriched fractions. 
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Previous investigators have reported that the earliest change 
found in hypertrophied and failing hearts is a decrease in the rate of 
calcium release, followed by a decreased rate of uptake and a decreased 
total amount of calcium taken up (Schwartz et al., 1973). Under the 
conditions of my experiments, little difference was seen between the 
calcium uptake characteristics (Table 3, Fig. 1) of the various fractions 
Studied. After I completed my study, Aoki and Sor ere (Aokiset al. , 
1974) reported a small but significantly lower maximum calcium uptake 
capacity of microsomes from SHR ventricles compared with Boro reneive 
Pee Ca= 048 Shersred ad SAPP OsShemhed es /ete Nex -PoO)nor Thed remi crosomes 
were prepared from younger rats than used in my study, and calcium 
uptake was determined in a reaction mixture different from mine. In 
sarcoplasmic reticulum fractions from SHR and normotensive rat 
ventricles at 3 months of age in which uptake of calcium at pH 6.4 was 
determined, I found no significant differences between the two groups 
(17.8 + 1.8 vs. 18.1 + 2.1 umoles/g protein/10 min, N = 4). 

The increased specific activities of 5'-nucleotidase and 
phosphodiesterase I in the plasma membrane enriched fraction from SHR 
aortae (Table 2) suggests that the lower calcium uptake of this fraction 
(Table 4) is not the result of a greater contamination with non-membranal 
protein. Furthermore, inhibition of ATP-dependent calcium uptake by the 
ionophores X-537A and A23187 (Table 5) suggests that calcium is being 
transported across the vesicle membrane (Scarpa et al., 1972), since 
these ionophores should prevent development of a gradient of calcium 
across the membrane. However, there is some evidence that these 
ionophores may also act by inhibiting calcium binding (Entman et al., 


1973). Presumably these vesicles are composed of "inside-out" plasma 
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membrane, as are those of erythrocytes (Weiner and Lee, 1972) which 
also exhibit ATP-dependent calcium transport. It should be noted that 
the magnitude of this calcium uptake is similar to that reported for 
microsomal fractions from rabbit (Fitzpatrick et al., 1972) and bovine 
aorta (Hess and Ford, 1974). Since the completion of my study, Aoki 
and co-workers (1974) have reported that SHR microsomes prepared from 
vascular smooth muscle pooled from aorta and several arteries also 
exhibited a reduced calcium uptake capacity when compared with that 
prepared from normotensive rat. 

A decreased ATP-dependent calcium transport of the SHR aortic 
membranes is consistent with the hypothesis that the slower rate of 
relaxation of the SHR aortae (Field et al., 1972) is due to a decrease 
in the rate of ATP-dependent calcium efflux from the smooth muscle cell. 
It is not known if the increased sensitivity of aortae from 6-month-old 
SHR to norepinephrine and potassium chloride is related to their slower 
rate of relaxation after contraction induced by potassium chloride 
(Field et al., 1972), but studies with aortae from renal hypertensive 
rats demonstrate that changes in relaxation rates are seen as soon as 
hypertension (b.p. 140-150 mm Hg) and vascular supersensitivity to 
potassium chloride develop (Field et al., 1973). Additional studies 
will be required to determine if any causal relationships exist between 
the observed alterations in enzymatic and calcium uptake activities 
and hypertension. 

There is some evidence suggesting that increased reactivity 
of vascular smooth muscle to excitatory agents cannot be explained 
entirely by either a decrease in the activity of processes that lower 


intracellular calcium activity or by an increase in the wall thickness 
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to lumen size ratio (Folkow, 1971). For example, the change in 
sensitivity to potassium chloride of aortae from 6-month-old SHR is 
much greater than that to norepinephrine (Field et al., 1972), and ‘the 
change in sensitivity of perfused vasculature of SHR is greater to 
serotonin than to norepinephrine (Haeusler and Finch, 1972). These 
results indicated that there are specific changes in membrane excit- 
ability that allow for differential changes in sensitivity to various 
excitatory agents; these alterations are in addition to any changes in 
calcium transport and in vascular geometry that would tend to produce a 


similar degree of hyper-reactivity to all excitatory agents. 
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lhe Summary 


Subcellular fractions were obtained from aortae and ventricles 
of 6-month-old spontaneously hypertensive and normotensive Wistar rats 
by the use of differential and sucrose density gradient centrifugation. 
These preparations were studied to determine what alterations in calcium 
uptake and enzymatic activities might be associated with hypertension. 
The total amount of calcium uptake (in the presence of ATP and 17 uM 
free calcium) by the plasma membrane enriched fraction from hypertensive 
rat aortae was significantly less than that from normotensive rats 
Cia 0.4 vs. 16.2 £91.6 pmole! calciun/¢ protein, un =" 8). >In contrast 
the specific activities of the plasma membrane marker enzymes, 
5'-nucleotidase and phosphodiesterase I, were 80% and 40% greater, 
respectively, in the hypertensive than in the normotensive fractions. 

On the other hand, various fractions from ventricles of the two types 
of rats were. generally similar in enzyme activities and calcium uptake. 
The decreased rate of relaxation of aortae from spontaneously hyper- 
tensive rats may be caused by the decreased rate of calcium eratepnre 


observed in this study. 
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CHAPTER VII: GENERAL DISCUSSION 


A. Calcium Sequestration System in Subcellular Membranes of the 
Cardiovascular System 


The intracellular calcium distribution of cells must be carefully 
controlled because calcium plays a key regulatory role in a variety of 
cellular processes (Rasmussen, 1970; Triggle, 1972; Lehninger, 1974). 

For excitation-contraction coupling of striated muscle, there is general 
agreement that sarcoplasmic reticulum is the major regulator of calcium 
activity (Hasselbach and Makinose, 1962; Sandow, 1965; Weber, 1966), but 
there is some dispute as to the relative regulatory contributions of sacro- 
plasmic reticulum and mitochondria in cardiac muscle (Lehninger, 1974; 
Solaro and Briggs, 1974; Katz et al., 1966). Since both sarcolemma and 
mitochondria from these muscles are able to transport calcium, a role for 
these organelles in lowering intracellular calcium following muscle contrac- 
tion has been suggested (Sulakhe et al., 1973; Dransfeld et al., 1969; 
Fanburg and Gergely, 1965; Sordahl et al., 1973). 

At the present time, the relative importance of these subcellular 
organelles in regulation of intracellular calcium in vascular smooth muscle 
is unclear, although microsomal fractions isolated from large vessels have 
been shown to transport calcium (Hess and Ford, 1974; Fitzpatrick et abig 
1972; Baudouin and Meyer, 1973). It is known that the endoplasmic reticulum 
occupies a small amount of cell volume in guinea pig mesenteric arteries 
(1.8%), rabbit aorta (5%) (Devine et ee 1972) and rat ventricle (3.5%) 
(Page et al., 1971), as compared to the volume occupied in the frog sartorius 


(13%) (Peachey, 1965). It is also known that the dependency of contraction 
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on extracellular calcium differs between types of smooth muscles (Devine 
et al., 1972). It has been proposed that mitochondria may contribute to 
the regulation of intracellular divalent cation levels in smooth muscle 
based on studies of strontium or barium accumulation by electron probe 
analysis (Somlyo et al., 1974). 

All the above statements lead one to question whether the endo- 
plasmic reticulum from vascular smooth muscle plays the major role in the 
regulation of intracellular calcium. In this study, I succeeded in isolating 
subcellular fractions enriched in plasma membrane and other fractions probably 
enriched in endoplasmic reticulum, which allowed me to further investigate 
the ability of these fractions to remove calcium from solutions of physiolo- 
gical calcium concentrations. If one assumes that the calcium uptake capacity 
of each fraction in the presence of ATP (i.e. steady state uptake value times 
total amount of protein) is an indicator of its regulatory ability, the 
results of this study suggest that the capacity of plasma membrane is 
dabper than that of endoplasmic reticulum from cardiovascular system. The 
results of this study also reveals that vascular smooth muscle mitochondria 
can accumulate calcium in the presence of ATP. Since the completion of my 
work, two other reports on calcium uptake by vascular smooth muscle mito- 
chondria have appeared (Vallieres et al., 1975; Ford and Hess, 1975). This 
property is similar to that reported for mitochondria isolated from skeletal 
and cardiac muscle (Fanburg and Gergely, 1965; Brierly et al.,1964; Samaha 
and Gergely, 1965). Therefore, it is also possible that the mitochondria 


play a role in vascular smooth muscle contractility. 


However, complete understanding of the relationship of this type 


of calcium uptake study to the calcium transport during excitation-contraction 
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process in intact cells is far from being achieved as explained below: 

Unfortunately, several factors are unknown about the systems in 
this study, those of major importance being the intracellular pH and the 
intracellular concentration of Moats and ATP and hence Mg-ATP. The ability 
of the various fractions to transport calcium is undoubtedly dependent upon 
these three variables, and Godt (1974) had clearly shown that the Gait 
dependence of the activity of skinned frog muscle fibers is dependent upon 
the Mg-ATP concentration. In addition, it has also been suggested that 
functional relationships might exist in smooth muscle between closely 
associated plasma membrane, endoplasmic reticulum and mitochondria ( Devine 
et al., 1973; Goodford and Wolowyk, 1972). Such relationships are lost in 
subfractionation studies of this type. 

Therefore, a conservative conclusion is drawn at this stage: 
That is, in cardiovascular tissue, in addition to endoplasmic reticulun, 
plasma membrane and mitochondria may play important roles to lower free 


calcium concentration after muscle contraction. 


B). Calcium Uptake and Enzymatic Activities in the Cardiovascular System 


of SHR 
In order to understand the pathology and etiology of hypertension, 
it is important to have detailed information on the biochemical changes of 
the whole cardiovascular system. In this study, the specific activities of 
many enzymes and the rate of calcium uptake were studied in the subcellular 
fractions from small and large vessels, and ventricles from SHR. Most of 
the enzymes studied: alkaline phosphatase, 5'-nucleotides, KLactivated 


phosphatase, phosphodiesterase I are generally believed to be located mainly 
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in plasma membrane. 


In the studies on the plasma membrane fraction of cardiovascular 
systems from normotensive rats and SHR, I found many differences between 
these types of rats, when fractions from arteries of age-matched rats were 
compared. Rice “apeubidie activities of all the above mentioned enzymes as 
well as Mg’ -ATPase were greater from mesenteric arteries of SHR; 5'-nucleo- 
tidase and phosphodiesterase I were greater from aortae of SHR; whereas only 
ouabain sensitive K'-phosphatase was higher from ventricles of SHR. Active 
calcium uptake was greater and passive calcium uptake was less from plasma 
membrane fractions of mesenteric arteries of SHR, and active calcium uptake 
of plasma membrane from aortae of SHR was lower. No changes in calcium 
uptake from membrane fractions of ventricles of SHR were detected compared 
to similar values from NWR rats. Thus, more parameters were altered in vas- 
cular tissue, especially in small mesenteric arteries, than in cardiac muscle 
of hypertensive rats. This fact is consistent with the view that elevated 

‘blood pressure in well-developed hypertension either causes or is the result 
of pathological change in small arteries. 

It is well documented (Somlyo and Somlyo, 1970; Weiss, 1974) that 
increased total peripheral resistance in hypertension is related to the 
altered vascular reactivity. "Vascular reactivity" is usually measured as 
the magnitude of an increase in flow resistance or an increase in pressure 
produced by a constrictor agent. The magnitude of Clits increase could depend 
either on an increase in sensitivity of the vascular smooth muscle or on a 
thickening of the vessel wall. There is evidence in the literature to 
support each of these possibilities, accompanied by controversy between the 


champions of the two mechanisms as to which is mainly responsible for the 
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increased vascular reactivity that is seen in hypertension. 

Recently Folkow (1971) has summarized his evidence that most, if 
not all, of the increase in vascular reactivity in rats with genetic hyper- 
tension and in man with essential hypertension is caused by an increase in 
wall thickness, Concentration-response curves of vascular resistance to 
norepinephrine for hypertensive animals differed from those from normotensive 
animals in the same way as did the calculated concentration-response curves 
of a mathematical model in which it was assumed that medial thickness had 
increased by 30% and the increase in wall thickness had encroached on the 
lumen when the smooth muscle was completely relaxed. No change in the thres- 
hold dose for norepinephrine was found by Folkow. The failure of Folkow to 
obtain an increased sensitivity to norepinephrine may be due to his use of an 
artificial medium for perfusion or to papaverine treatment (see Lais and 
Brody, 1975). 

In this study, an increase of specific activity of 5'-nucleotidase 
in hypertensive arteries might support Folkow's view, since increased 5'- 
nucleotidase (AMPase) activity was reported in proliferating muscle cells of 
arterial walls (Oka and Angrist, 1967). However, an increase of specific 
activities of other enzymes, which appear to have no known functional role 
in proliferation or in the increase of wall thickness, obviously cannot be 
explained simply by this hypothesis. 

Furthermore, according to Johansson's analysis(1974), vasocon= 
striction of smooth muscle would be most sensitive to changes in the parti- 
cular factor (catt or ATP) that is normally the rate limiting determinant of 
the chemomechanical transduction, and therefore one might predict ~~ this 


factor would be altered and therefore causes a change in reactivity. The 
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alterations of calcium regulation in vascular smooth muscle of SHR observed 
in this study are consistent with this analysis. Such a change certainly 
cannot be explained by Folkow's hypothesis. Therefore, the suggestion is 
made that changes in both calcium metabolism and vessel wall thickness may 
be important for the development of vascular hyperreactivity. 

All the above statements indicate that these changes may be 
related to hypertension. Therefore, it 2 of interest to know which 
parameter(s) is more intimately related to the initiating cause or effect of 
hypertension. Insight on this question can be obtained from the experiments 
on young (33 days) and initial hypertensive (3-4 months) rats, and on hydra- 
lazine treated NWR and SHR. Slight differences in the above mentioned 
parameters, except alkaline Braga harasses were found in subcellular fractions 
from arteries of young SHR as compared to those from NWR. Thus the elevation 
of blood pressure preceded the changes in activities of most enzymes studies 
and the changes in ca‘? uptake. The treatment of NWR and SHR with hydralazine 
decreased the elevation in blood pressure with age, and also decreased the 
increase in specific activity of alkaline phosphatase with age. Hence the 
conclusion is drawn that alkaline phosphatase activity may be closely asso- 
ciated with the initial cause of hypertension, and that changes of other 
parameters may be the result of hypertension or related to development of 
chronic hypertension. However, the 33 days old rats did have a significantly 
elevated blood pressure which might have caused the increased alkaline phos- 
phatase activity. The physiological functions of alkaline phosphatase are 
not clear, but Wyke and Gardner (1970) suggested it may be related to vascular 
permeability. However, it would be of considerable interest to know if the 


phosphatase that [ studied in SHR membranes has protein phosphatase activity. 
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There is increasing evidence that phosphoproteins may play a key role in 
regulating ch transport and ATPase activity as well as membrane permea- 
bility (Rubin and Rosen, 1975; Tada et al., 1975), and it is known that 
some alkaline phosphatases have protein phosphatase activity (Lee and Nickol, 
1974). Furthermore, Sirica and co-workers (1975) have considered the possi- 
bility that decreased MesaCATPage and 5'-nucleotidase, and increased alkaline 
phosphatase activities of regenerating liver plasma membrane may be associated 
with specific membrane transport abnormalities. | 
Many differences were found between the characteristics of aortae 
and mesenteric arteries in hypertension in this study. For example, calcium 
uptake by subcellular fractions from aortae (which requires more than 20 min 
to reach maximum) was slower than the calcium uptake by fraction from 
mesenteric arteries (which requires about 10 min to reach maximum), Further- 
more, ATP-dependent calcium uptake by the plasma membrane fraction from SHR 
mesenteric arteries was et etl Sect 1s greater than that from NWR mesenteric 
arteries. In contrast, the ATP-dependent calcium uptake by the fraction 
from SHR aortae was decreased as compared to that from NWR vessels. These 
qualitative and quantitative differences might reflect a difference in the 
mechanisms controlling contraction and relaxation of large and small vessels. 
Therefore, aorta might not be as good a model for resistance vessels of 
hypertension than are mesenteric arteries. Also in support of this statement 
is the fact that increased sensitivity of aorta to KCl is seen only after 


several months of hypertension (Janis and Triggle, 1973). 
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G) Significance of the Data in Relation to Hypertension 


In the following section, a brief discussion will be given on 
whether the results of the alterations of enzyme activities and calcium 
uptake in the plasma membrane vesicles from mesenteric arteries of 5-6 
months old SHR can fit several simple hypotheses. 

Le The first hypothesis to be considered is whether the essential 
difference between plasma membrane vesicles from arteries of normotensive 
and hypertensive rats is that more of the latter are inside-out Lypesai.e., 
those vesicles having the cytoplasmic face of their membrane on the outside. 

Some of the results can fit this hypothesis, if one assumes, 
reasonably, that the active sites of Cale Aibane and Fiephoepnacose are 
associated with the interior aspect of the plasma membrane. Since the hypo- 
thesis states that there are more inside-out type of plasma membrane 
vesicles from arteries of SHR, one would expect that more active sites of 
these enzymes to be exposed at the outer surface of the vesicles. If the 
Gare ATPase is involved in Pieetragsport. a greater ATP-dependent calcium 
uptake by plasma membrane from arteries of SHR would also be expected, 
since a greater proportion of such vesicles would develop a calcium gra- 
dient between inside and outside of the sealed vesicles as compared to 
vesicles from NWR. This difference of ATP-dependent calcium uptake between 
normotensive and hypertensive fractions should be obliterated by the 
presence of ionophores, if ionophores relax the calcium gradients across 
the vesicle membrane. This result was in fact observed. These findings 
are consistent with the hypothesis. 


The greater specific activity of Ki-phosphatase in the plasma 
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membrane fraction of SHR arteries as compared to that of NWR also can fit 
this hypothesis. However, the active sites of other enzymes, which had a 
higher specific activity in this fraction (such as 5'-nucleotidase, i 
ATPase, leucine aminopeptidase, alkaline phosphatase) are probably associated 
with the exterior aspect of plasma membrane (Trams and Lauter, 1974). As 
the hypothesis states that more plasma membrane vesicles from arteries of 
SHR are inside-out, fewer of their active sites should be exposed at the 
exterior surface of the vesicles. The large, charged molecules of the 
substrates for these enzymes probably penetrate the vesicle membrane 
slowly, if at all; therefore, the increased specific activities of the 
above-mentioned enzymes in the plasma membrane of SHR arteries are not 
consistent with the hypothesis. However, one should realize that there 
are many uncertainties about the assumption made. For example, it is 
still possible that substrate-enzyme interaction can occur on either side 
of membrane vesicles from plasma membrane of smooth muscle. 

If binding of Ca in the absence of ATP occurs mostly at the 
exterior surface of the plasma membrane the difference between plasma 
membrane fractions from SHR and NWR arteries in ATP-independent calcium 
uptake could be explained. Then the decreased Cu Pater are in plasma 
membrane fractions from SHR arteries would be expected. The ability of 
divalent cations to compete with aS eeshattar a in the presence of ATP or in 
the absence of ATP by the plasma membrane fractions between NWR and SHR 
arteries may also be related to the different proportion of inside-out 
or rightside-out type membrane vesicles if one assumes that the two sides 


of the vesicles have different calcium binding or uptake sites. For 
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ates i 

example, Ca (1 mM) and Sr (10 mM) can displace ATP-dependent 
45. ++ 
Ca -uptake by the plasma membrane fraction from SHR to a greater 
extent than that from NWR, whereas the amount displaced by mere (1 mM) 
is considerably less. The uptake after 10 mM sr’ probably represents 
non-specific binding of ee and most uptake after 1 mM ga’ probably is 
by the same mechanism. The values for residual non-specific binding are 
the same for vesicles from SHR and NWR. Thus differences between the two 

_ 45. ++ : : : eta 
types of vesicles in Ca -uptake represent differences in active binding 
or transport, and the greater effects of a and Gala on Seager aise 
for SHR vesicles would be expected from the greater active uptake when 
more vesicles are inside-out. My results would thus imply a differential 


ae to competition from Ca 


accessibility of the transported or bound 
or Sih on the one hand, and to Balas on the other hand. Conceivably sere 
was unable to inhibit ATP-dependent binding or transport as effectively in 
vesicles of SHR arteries as in vesicles of NWR arteries; but this could 

not be explained by the presence of more inside-out vesicles in this case. 
Alternately, the fe ee toa inhibited by Babs was that occuring non- 

specifically, or independent of ATP on the outside of vesicles. Then the 


st? cat by ie in vesicles from NWR would be 


greater displacement of 
expected. 
: ; : : 45. ++ 

The results of cation interaction on ATP-independent “Ca - 
uptake are difficult to interpret on the basis of more inside-out vesicles 
from SHR than from NWR. Bae was more effective in the former, thus contra- 
dicting the above explanation of its differential effect on ATP-dependent 
45 


Ca’ ‘Suptake, Moreover, to explain the effect of Mn‘ t, one would have to 


postulate that Mott affects mainly ATP-independent binding to right side- 
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out vesicles. All-in-all these results are difficult to explain fully on 
the bases of this hypothesis. To further this hypothesis, the following 
experiments are suggested: 

(a) Comparative study of enzymatic activities and calcium uptake in 
the "opened" membrane vesicles from arteries of NWR and SHR. For such a 
purpose, one should treat membrane vesicles with mild detergent, sonication 
or other treatments to open up the vesicles. The effects of the treatments, 
per se, on enzyme activity would also have to be studied to guarantee that 
any changes were related to opening of membrane vesicles rather than to 
direct effects on enzyme activities. Attempts should also be made to 
measure the sialic acid released by neuraminidase for the two types of 
Beach ond, before and after vesicle opening. Sialic acid is expected to 
be Aer on the outside of the plasma membrane. Finally, an attempt to 
control vesicle sidedness by enzyme activities, eae and availabi- 
lity of Sietis acid residues, should be made. 

(b) A comparative study should be made of the proportion of inside- 
out and right side-out type membrane vesicles from arteries of NWR and 
SHR under electron microscope by the freeze-etching technique. The protein 
distribution in the inner face of the cleaved membrane facing toward cyto- 
plasm is likely to be different from that of the complementary face of 
the cleaved membrane. Therefore, the different patterns of protein particles 
on the cleaved membrane faces observed in each group of vesicles may indicate 
the different proportions of these two types of vesicles from either NWR or 
SHR arteries. 

2s The second hypothesis to be considered is whether the essential 


difference between plasma membrane vesicles from arteries of normotensive 
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and hypertensive rats is that more of the latter are less permeable to 
Ca . 

Some of the results can fit this reo chesze, e.g., decreased 
Sicatshipcate in the absence of ATP, if one assumes that ATP-independent 
calcium uptake is due to calcium permeating through the vesicles, and then 
binding to the inside of the sealed vesicles, i.e., to the outside of the 
plasma membrane. Also the fact that the ATP-dependent calcium uptake by 
plasma membrane fraction from SHR arteries was greater than that from NWR 
can be explained as follows: The vesicles from SHR arteries are less 
leaky or less permeable to Came and therefore a greater calcium gradient 
develops across the membranes of the vesicles from SHR than that from NWR. 
The existence of such extra ort st ddltulrenen would also explain the 
greater release of can by ionophores from SHR vesicles. These results 
may imply that plasma membrane of intact vessels from SHR is also less 
permeable to calcium than that from NWR. The difference in the ability 


45 0,t+ 


of divalent cations to compete with -uptake by the plasma membrane 


vesicles from NWR and SHR arteries can also be explained by the possibility 


that the vesicles from SHR arteries are less permeable to Hecatts than 


those from the former. 
If the proportion of right side-out and inside-out vesicles is 


the same in both SHR and NWR preparations, the higher Soa the pened by SHR 


45 at 


vesicles could be because they are less leaky to Gare (see above). Sr 


and ea tt at the concentration of 10 m and 1 m™ respectively may be effec- 


45c,tt 


tively competing with that fraction of | actively transported in both 


types of vesicles since the residual 43.qtt remains also the same in the two 
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preparations. Conceivably Bala was unable to inhibit ATP-dependent 


binding or transport process and the effects on figahy chile were due 


to competition at other binding sites. The Boabt displaced by Ba't was 


not much more than that bound non-specifically. If so, Bab was a better 
competitor for such sites in NWR vesicles and the decreased Gat permea- 
bility of SHR vesicles would have to imply improved ATP independent or 


non-specific binding of Pegi, However, the greater displacement of 


45. ++ 
Ca by Ba’? in vesicles from NWR may be unrelated to catt permeability 


and due to the differences in the Reabepinddits properties of NWR and 


SHR vesicles, 

In order to explain the effect of ik ts one would have to pos- 
tulate that Mn*t affects mainly the ATP-independent calcium binding or 
affects binding only in the absence of ATP if it is complexed selectively 


by ATP. The results of the effects of other cations on ATP-independent 


HE 
Ca -uptake can be explained as follows: srtt, eduh and Matt compete with 
: , 45. ++ F : 
the binding sites for ~Ca on the inner surface of vesicles, but do not 


affect the diffusion of 450,++ across the membrane. They may be quite 


effective in displacing Boat vouid on the inside of the vesicles. Since 


membrane is less permeable to ca‘t in SHR vesicles, tie. th accumulation 


should be less in the inside of these vesicles. Therefore, the residual 


ticab' sapeake in SHR vesicles should be less , which is to be expected. 


450,t+ 


ate * 
However, Ba would have to compete with in the diffusion process 


4S aqtt 


across the membrane instead of competing with -binding inside of the 


vesicles since Ba ve inhibits 45 


Cat tauptake by SHR vesicles more than that 
of NWR vesicles. To further test this hypothesis, the following experiments 


are suggested: 


Cat 
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(a) A comparative study of "rates of calcium release" after 
vesicles from arteries of NWR ahd SHR are loaded with se in the pre- 
sence of ATP, and a dilution technique is used to stop the uptake, could 
be informative. On diluting out both the ATP and the Cans passive leakage 
of ext should determine the rate of loss of tracer. The rate constant 
for this process should be slower in vesicles from arteries of SHR than in 
vesicles from arteries of NWR despite their presumed steeper Game gradient. 
Further, some studies should be carried out with dilution of the Gams only, 
maintaining ATP concentrations in the event ATP affects passive permeability 


ea containing solu- 


to atin Finally, studies should be done in which 
tions are replaced by varying amounts of unlabelled any while ATP levels 
are maintained, in some cases but not in others, in order to follow the 
efflux of SPs tracer and determine its dependence on external Gane 
. ; : ‘ ++ t- 
This would evaluate possible differences in a Ca -Ca exchange process 
between the two types of vesicles and their dependence on ATP. 
; 2 45. ++ 

(b) For comparative study of influx and efflux of Ca by the 
isolated blood vessels from NWR and SHR, one should consider the possibili- 
ties of calcium binding to the inside, and outside of the muscle cells, 
and the problems associated with compartmental analysis (see Daniel and 
Janis, 1975). Shibata et al. (1975) have carried out similar studies 


using aorta and reported a lesser influx of i, can based on the lanthanum 


| 45 ++ 
method of Van Breemen et al. (1972). However, I have shown that Sca - 
uptake by plasma membrane vesicles is decreased in vesicles from aortae 
but increased in vesicles from mesenteric arteries. These studies will 


have to be carried out with mesenteric arteries. The validity of the 


; : : aL ae 
techniques for estimating Ca fluxes must be carefully scrutinized. 
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(c) Studies of the dependence on extracellular calcium of con- 
tractions of these two types of arteries. If plasma membranes from 
hypertensive mesenteric arteries are less leaky to Ga than those from 
normotensive arteries, one would expect them to retain contractility in 
low ca‘? solution longer, to have a different dependence of their con- 
tractions (especially xt contractions) on external Gai # concentrations, 
to show a different relation between external KY and contraction tension, 
etc. 

an The third hypothesis to be considered is whether the essential 
difference between plasma membrane vesicles from arteries of normotensive 
and hypertensive rats is that the latter are more permeable to Ga This 
hypothesis has been considered because it has been strongly advocated by 
Somlyo and Somlyo (1970). 

A decreased ATP-independent calcium uptake (1 mM) by the plasma 
membrane fraction from SHR arteries than that from NWR may be caused, not 
by lesser leakage of Gann into vesicles but instead by greater leakage 
out. However, this would imply that Cat Luptake in the absence of ATP 
was somehow dependent on a gradient of concentration across the vesicle 
membrane and this seems unlikely. An increased ATP-dependent calcium 
uptake by the plasma membrane fraction from SHR arteries as compared to 
that of NWR arteries may be a compensatory (indeed an over-compensatory) 
response to such an increase in membrane permeability to east: However, 
this would imply that the greater ATP-dependent Can tuptake by vesicles 
from arteries of SHR compared to those from arteries of NWR was a result 
of maintenance of an increased oat t gradient or increased eat* binding 


inspite of a fast leak of this ion down hill. A further increase in the 
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leak by adding ionophores to the point of abolishing the gradients in each 
case would eliminate any difference arising from this factor but should 
allow the persistence of any difference arising from ATP-dependent binding. 
Thus, on this hypothesis, the ionophore results would imply greater Gait 
transport not binding. However, there is no independent evidence that 
hypertensive arteries transport cat more efficiently following a-contrac- 
tion compared to normotensive arteries. 

The different ability of divalent cations to compete with 
6 thuprake by the membrane vesicles from NWR and SHR arteries may fit 
this Hy pobhesiet As discussed in the hypotheses (1) and (2), in the ATP- 


450,t+ 45 


dependent -uptake study, cold ca’? and sr’? may act on the “Ca 


active transport process, whereas Bar and Mn’? may act on the ATP inde- 
4 
pendent 26a tepaaiie process. As a result, greater inhibition of a2 ahh. 
++ t+ 
uptake by Ca oor Sr in NWR and SHR vesicles would be expected. The greater 
effect of mt 4 on vesicles from NWR arteries is hard to explain without 
involving additional hypotheses. The ability of these cations to compete with 


Siareotiptaite may be different in SHR and NWR vesicles. In the ATP- 


45.q,tt 


independent -uptake, the differential effects of these cations on 


owe epcdid in the two kinds of vesicles is very difficult to explain. 
To further test this hypothesis, the experiments suggested for the second 
hypothesis can be followed. In addition, since this hypothesis implies 
accelerated ATP-dependent membrane transport of cart by arteries of 

SHR, the occurrence of this should be evaluated in intact membranes and 


isolated vesicles. 


4. The fourth hypothesis to be considered is whether the essential 
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difference between plasma membrane vesicles from arteries of normotensive 
and hypertensive rats is that the latter retain their immature, protein 
synthesizing, proliferative character. If hypertension has ” structural 
cause, i.e. increased wall thickness, then the changes associated with 
the proliferative activity might reflect the pathological process which 
underlies structural change. 

So far, the physiological functions of the enzymes studied are 
not clear. However, the specific activities of many enzymes are increased 
in the plasma membrane fraction from arteries of SHR when compared to 
that of the same age of NWR. Also 5'-nucleotidase activity has been found 
to be increased in proliferative cells (Oka and Angrist, 1967). It is 
possible that arteries of SHR retain higher enzyme activities because they © 
retain their immature proliferative character. This would not explain the 
increased activity of alkaline phosphatase in artery membranes of older 
SHR compared to artery membranes of younger SHR. 

There is no obvious reason to predict that the proliferative 
character of the hypertensive arteries should be associated with an 
increased calcium uptake as observed in this study. However, no obvious 
reason excludes such an association. Similarly, there is no obvious 
reason why an increased proliferative activity would affect the ability 
of cations to compete with Cayo 

In this study, I could not detect any difference in protein 
yield between the corresponding subcellular fractions from NWR and SHR 
arteries. If arteries from SHR were proliferative then a larger ER 


fraction might have been expected. One possibility to explain this is 
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that the protein yield difference between NWR and SHR arteries may be 
small, and the method not sensitive enough to find a difference of such 
magnitude. AOE Ee possibility is that the hypothesis may not be true. 
To further test this hypothesis, the following experiments are suggested: 

(a) A stereological study by electron microscopy of the relative 
volume occupied by the subcellular organelles in the vascular smooth 
muscle cell of NWR and SHR. The amounts of these organelles (e.g. plasma 
membrane, mitochondria and especially endoplasmic reticulum) may be 
related to the activity of protein synthesis. 

(b) Comparative study of the rate of labelled amino acids, e.g. 
leucine or proline, incorporation into protein or the rate of labelled 
thymidine incorporation into DNA of vascular smooth muscle cells of NWR 


and SHR. Similar studies could be carried out in homogenates. 
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